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ABSTRACT
The f e a r a b i - i t y  of a two w a v e len g th  s k i n  r e f l e c t a n c e  o x i m e t e r  i s  
i n v e s t i g a t e d  w i th  t h e  view a s  an a i d  to  non i n v a s i v e  p a t i e n t  
m o n i t o r i n g .  The a p p ro a c h  e m p h a s i s e s  t h e  need to  o b s e r v e  t im e  
r e s p o n s e s ,  a s  opposed  to  s im p ly  m e a s u r in g  s t e a d y  s t a t e  v a l u e s .  I t  
i s  s u g g e s t e d  t h a t  t h e  human body may be " o b s e r v e d "  ( i . e . i n f o r ­
m a t io n  c o n c e r n i n g  t h e  s t a t e  of  t h e  s y s te m  may be  e x t r a c t e d )  f rom 
t h e  o x i m e t e r ' s  o u t p u t s  v i a  an i n t e g r a t e d  model  s t r u c t u r e  i n c o r ­
p o r a t i n g  measurement  and p h y s i o l o g i c a l  s u b s y s t e m s .
An i n - d e p t h  s t u d y  i s  made i n t o  t h e  u n d e r l y i n g  p h y s i o l o g y  and 
p h y s i c a l  p r o p e r t i e s  of  l i g h t  p r o p a g a t i o n  th r o u g h  an inhomogeneous 
medium w i t h  a v iew to  c o n s t r u c t i n g  an i n t e g r a t e d  model .  V a r io u s  
measurement  models  a r e  compared,  and i t  was found t h a t  t h e  t h r e e  
d i m e n s i o n a l  g e o m e t r i c a l  s t r u c t u r e  c a n n o t  be a p p ro x i m a t e d  by  a 
s i n g l e  d i m e n s io n a l  t h e o r y . A s e r i e s  o c o n t r o l l e d  e x p e r i m e n t s  
were pe r fo rm e d  to  a s s e s s  t h e  r e p e a t a b i l i t y  o f  t h e  i n s t r u m e n t . The 
r e s u l t s  o b t a i n e d  were r e p e a t a b l e  and i n d i c a t e  t h a t  t h e  i n s t r u m e n t  
i s  s e n s i t i v e  enough t o  d e t e c t  s m a l l  ch a n g es  i n  p e r i p h e r a l  b lo o d  
volume and oxygen s a t u r a t i o n .  T h i s  i n  t u r n  i s  e n c o u r a g i n g  f o r  t h e  
lo n g  te rm g o a l  of  p a t i e n t  m o n i t o r i n g .
P r e l i m i n a r y  i n v e s t i g a t i o n  i n t o  a measurement  model i n d i c a t e s  t h a t  
t h e  model i s  v e ry  s e n s i t i v e  t o  p a r a m e t e r  c h o i c e .  P u b l i s h e d  
p a r a m e t e r s  g i v e  p r e d i c t i o n s  which a r e  q u a l i t a t i v e l y  c o n t r a d i c t o r y  
to  e x p e r i m e n t a l  r e s u l t s .  I t  i s  t h o u g h t  t h a t  t h e  g e n e r a l  model  
s t r u c t u r e  i s  v a i i d ,  bu t  t h a t  t h e  v a l u e s  of  t h e  p a r a m e t e r s  have  t o  
be i n v e s t i g a t e d  v i a  c a r e f u l l y  c o n t r o l l e d  e x p e r i m e n t s .
i h e  p r o j e c t  i s  no t  c o m p le te  i ^  i t s e l f ,  b u t  i s  c o n s i d e r e d  t o  be 
t h e  f i r s t  i t e r a t i o n  in  an a r e a  of  ongo ing  r e s e a r c h . Many 
s u g g e s t i o n s  f o r  f u r t h e r  work a r e  p r e s e n t e d .
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CHAPTER 1 INTRODIJCT ION
I
!• 1 BACKGROUND
In 19 78 Dr G arne r  p r o p o s e d  t h e  d e v e lo p m en t  of  a two w a v e l e n g t h
o x i m e t e r  ea  a f o u r t h  . y e a r  l a b o r a t o r y  p r o j e c t  f o r  e l e c t r i c a l
e n g i n e e r s .  I n i t i a l l y ,  t h e  main aim f o r  s u c h  a d e v i c e  was to  a i d
i n  t h e  measurement  of  b l o o d  gas  t r a n s p o r t  d e l a y  t i m e s  t o  be used
i n  a model  o f  t h e  r e s p i r a t o r y  s y s t e m .  A r e f l e c t a n c e  type  o x i m e t e r
was d e v e lo p e d  m a in ly  b e c a u s e  i t  c an  be  a p p l i e d  t o  most  p a r t s  o f  
t h e  b o d y .
D ur ing  i n i t i a l  t a s t i n g  by T u rn e r  and  W ig d o r o v i t z  199) i t  a p p e a r e d  
t h a t  t h e  o u t p u t  f rom t h e  i n s t r u m e n t  migh t  e o n t a i n  much v a l u a b l e  
i n f o r m a t i o n  c o n c e r n i n g  t h e  r e s p i r a t o r y  and v a s c u l a r  s y s t e m s .  
B r e a t h - h o l d i n g  t e s t s  ( f i g u r e  1 .1 )  shoved  a p e . u l i a r  i n i t i a l  r a p i d  
r e s p o n s e  fo l l o w e d  by a r e c o v e r y  and  t h e n  a l a r g e r  r e s p o n s e  a s  the  
d e o x y g e n a te d  b l o o d  re a c h e d  th e  s i t e  of  m easu rem en t .  The s u b ­
s e q u e n t  s p e c t r a l  work o f  Dr Garner  s u g g e s t e d  t h a t  t h e  i n s t r u m e n t  
m ign t  be u s e f u l  i n  a " b l a c k  box" a p p r o a c h ,  whereby  c o r r e l a t i o n s  
and s p e c t r a  a r e  computed from t h e  r e s p o n s e s  t o  s e v e r a l  manoeuv-
The above r e s u l t s  were i n t e r e s t i n g  . a t  were n o t  u n d e r s t o o d .  I t  
was a l s o  q u e s t i o n a b l e  a s  t o  what  e x a c t l y  t h e  i n s t r u m e n t  was 
m e a s u r i n g .  There i s  a l a r g e  body of  l i t e r a t u r e  w h ich  a d d r e s s e s  
i t s e l f  t o  l i g h t  r e f l e c t i o n  and  t r a n s m i s s i o n  in  b l o o d ,  however ,  
t h e  much more c o m p l i c a t e d  c a s e  of  b l o o d  p l u s  t i s s u e  i n  unknown 
p r o p o r t i o n s ,  ha s  no t  r e c i e v e d  much a t t e n t i o n .
Many e x p l a n a t i o n s  and t h e o r i e s  were s u g g e s t e d ,  bu t  a l l  were
m a in ly  s p e c u l a t i v e ,  w i t h o u t  a sound b a c k i n g .  I t  was t h e r e f o r e
p r o p o s e d  t h a t  t h i s  m i n i - t h e s i s  s h o u l d  " f u r t h e r  i n v e s t i g a t e "  t h e  









31 . 2  AIMS
A l though  a t  t h e  s t a r t  of  t h e  p r o j e c t ,  t h e r e  were a number of 
s p e c u l a t i v e  i d e a s  b a s e d  on some p r e l i m i n a r y  t e s t s ,  a s  t o  the  
p o t e n t i a l s  of  t h e  i n s t r u m e n t ,  t h e  e x a c t  aim and d i r e c t i o n  were 
n o t  e x p l i c i t .  I t  was b r o a d l y  d e f i n e d  a s  t o  i n v e s t i g a t e  t h e  
q u a n t i t a t i v e  r a m i f i c a t i o n s  of  t h e  i n s t r u m e n t  and to  d e v e l o p e  the  
s p e c u l a t i v e  i d e a s  a s  t o  t h e  p o s s i b i l i t y  o f  u s i n g  th e  i n s t u m e n t  t o  
a id  i n  t h e  measurement  of  t h e  s t a t e  of  t h e  " C o n t r o l l e d  Human 
Body". T h i s  forms p a r t  of  t h e  g e n e r a l  p h i l o s o p h y  o f  p a t i e n t  
m o n i t o r i n g  which a d v o c a t e s  t h a t  t h e  human body may be v iew ed  a s  a 
c o n t r o l l e d  p l a n t , and  he nce  i t  would be more v a l u a b l e  t o  d e a l  
w i t h  t h e  dynamic s t a t e  of  t h e  p l a n t  a s  a w ho le ,  r a t h e r  t h a n  on ly  
w i t h  t h e  c o n t r o l l e d  v a r i a b l e s . T h i s  a p p r o a c h ,  w h i l e  n o t  i g n o r i n g  
t h e  im p o r t a n c e  of  t h e  s t e a d y  s t a t e ,  e m p h a s i s e s  t h e  need  to  
c o n s i d e r  t h e  dynamic b e h a v i o u r . From a c o n t r o l  e n g i n e e r ' s  p o i n t  
of  vi ew ,  t h i s  i s  the  c l a s s i c a l  p rob lem  o f  s y s t e m  o b s e r v a b i l i t y .  
I t  i s  s u g g e s t e d  t h a t  u l t i m a t e l y  the  s y s te m  ( i . e .  t h e  human body)  
may be " o b s e r v e d "  v i a  i n s t r u m e n t s  such  a s  a r e f l e c t a n c e  o x i m e t e r .  
T h i s  would be a v a l u a b l e  a i d  i n  bo th  a l a b o r a t o r y  m o d e l l i n g  of  
t h e  c a r d i o v a s c u l a r  and r e s p i r a t o r y  s y s te m s  c o n t e x t  a s  w e l l  a s  i n  
a c l i n i c a l  e n v i r o m e n t .
I t  i s  s u g g e s t e d  t h a t  b e c a u s e  oxygen i s  an e s s e n t i a l  i n g r e d i e n t  of  
l i f e  and t h a t  t h e  p e r i p h e r a l  t i s s u e  r e p r e s e n t s  a c o m p a r a t i v e l y  
" d i s p o s a b l e "  t i s s u e  mass,  i t  may be p o s s i b l e  to  m o n i t o r ,  in  a 
c l i n i c a l  e n v i r o n m e n t , t h e  s t a t e  of  a p a t i e n t  much more c l o s e l y  
t h a n  i s  p o s s i b l e  by measurement  of  t h e  c o n t r o l l e d  v a r i a b l e s ; 
t e m p e r a t u r e ,  h e a r t  r a t e ,  e t c . I t  i s  a rgued  t h a t  b e c a u s e  t h e s e  a r e  
c o n t r o l l e d  v a r i a b l e s ,  no s y s te m  d e g r a d a t i o n  can  be d e t e c t e d  u n t i l  
t h e  s i t u a t i o n  h a s  d e g r a d e d  to  such  an e x t e n t  t h a t  trie c o n t r o l  
sy s te m s  c a nno t  cope .  T h i s  p h i l o s o o ^ ’ l = t h e  u n d e r l y i n g  m o t i v a t i o n  
f o r  t h i s  type  of  r e s e a r c h .
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At th e  o u t s e t  i t  was f e l t  t h a t  t h e  many unknowns and comp­
l i c a t i o n s  i n v o l v e d ,  demanded t h a t  an i n t e g r a t e d  s y s t e m s  a p p r o a c h  
be a d o p t e d .  The s y s te m  s h o u l d  c o m p r i s e  b o t h  a p h y s i o l o g i c a l  model  
and a measurement  model .  T h i s  a p p r o a c h  s e t  t h e  theme f o r  t h e  
i n v e s t i g a t i o n .  Io t h i s  end ,  t h r e e  s t a g e s  of  de  ve lope  men t  e vo lve d  ;
( i )  O b t a i n i n g  and r e c o r d i n g  r e s u l t s  f rom  c o n t r o l l e d  
e x p e r i m e n t s  i n  o r d e r  t o  j u d g e  r e p e a t a b i l i t y .
( i i )  I n v e s t i g a t i o n  and dev e lo p m en t  of  a t r a n s d u c e r  m o d e l .
( i i i )  I n v e s t i g a t i o n  and  d e v e lo p m en t  o f  a p h y s i o l o g i c a l  model .
S t a g e  ( i )  may b e  viewed as  t f e a s i b i l i t y  s t u d y  and i s  a 
p r e - r e q u i s i t e  f o r  t h e  f o l l o w i n g  two i t e r a t i v e  s t a g e s .  Should t h e  
i n s t r u m e n t  be c a p a b l e  o f  d e t e c t i n g ,  i n  a r e p e a t a b l e  f a s h i o n ,  
p h y s i o l o g i c a l  c h a n g e s ,  t h e n  t h e s e  ch a n g es  may be used  v i a  a model  
s t r u c t u r e  to  o b t a i n  i n f o r m a t i o n  which would be v a l u a b l e  i n  a 
p a t i e n t  m o n i t o r i n g  e n v i r o m e n t .
I he f u l l  r e a l i s a t i o i  o f  t h e  above a ims  w i l l  demand much r e s e a r c h .  
The p r e s e n t  p r o j e c t  i s  t h u s  aimed a t  p r o v i d i n g  a f o u n d a t i o n  f o r  
t h i s  work.  I t s  a ims  a r e  t w o f o l d :
( i )  I n v e s t i g a t i o n  of  t h e  f e a s a b i l i t y  of  t h e  i n s t r u m e n t .
( i i )  Io p r o v i d e  a f ramework  upon which m odels  may be 
c o n s t r u e  t e d .
Ihe  f i r s t  aim was t a c k l e d  v i a  a s e r i e s  of  c o n t r o l l e d  e x p e r i m e n t s .  
The r e s u l t s  of  a p p r o x i m a t e l y  f i f t y  e x p e r i m e n t s  (m a in ly  u s i n g  a 
s i n g l e  s u b j e c t ,  a l t h o u g h  t h e  r e s u l t s  were checked  u s i n g  o t h e r  
s u b j e c t s )  were r e c o r d e d . Ih e  v i a b i l i t y  of  t h e  i n s t r u m e n t  was
c o n f i r m e d  by t h e s e  t e s t s . Commonly a c c e p t e d  p h y s i o l o g i c a l  p h e n o ­
mena were d e t e c t a b l e  i n  a r e p e a t a b l e  f a s h i o n .  An e n c o u r a g i n g  
a s p e c t  o f  t h e s e  r e s u l t s  i s  t h e  s e n s i t i v i t y  o f  t h e  i n s t r u m e n t . I t  
i s  t h o u g h t  c h a t  f l u c t u a t i n g  q u a n t i t i e s ,  s u c h  a s  t h e  p e r i p h e r a l  
p u l s a t i l e  f l o w  and c y c l i c  oxygen  t e n s i o n  c h a n g e s  i n  t h e  b l o o d ,  
c o r r e s p o n d i n g  t o  t h e  r e s p i r a t o r y  r h y t h m ,  a r e  d e t e c t a b l e .
The second  aim was a p p r o a c h e d  by p r o v i d i n g  an  i n  d e p t h  l i t e r a r y  
s u r v e y  on t h e  p h y s i o l o g i c a l  and p h y s i c a l  p r o b l e m s .  As t h i s  work 
i s  i n h e r a n t l y  i n t e r - d i s c i p l i n a r y ,  v a r i o u s  d a t a  o b t a i n e d  from 
p r e v i o u s l y  u n r e l a t e d  work h a w  b e e n  b r o u g h t  t o g e t h e r  t o  p r o v i d e  
f i r m  f o u n d a t i o n  and d i r e c t i o n  f o r  f u r t h e r  w o r k . I n  t h i s  c o n n e c ­
t i o n ,  i t  i s  hoped  t h a t  t h e  manner  i n  w h ic h  t h e  work i s  p r e s e n t e d  
w i l l  no t  h a v e  to o  many ga ps  f o r  t h e  r e s e a r c h e r  who i s  e n t e r i n g  a 
new f i e l d ,  w h i l e  a t  t h e  same t i m e  n o t  i n s u l t i n g  t h e  e x p e r t .
Time l i m i t a t i o n s  r e s u l t e d  i n  o n l y  a b r i e f  e x a m i n a t i o n  and  
q u a l i t a t i v e  i n t e r p r e t a t i o n  of  i h e  r e s u l t s  i n  t e r m s  of  a model  
s t r u c t u r e .  I t  was found  t h a t  t h e  m o d e l s  and p a r a m e t e r s  i n  t h e  
l i t e r a t u r e  p r e d i c t  c o n t r a d i c t o r y  r e s u l t s  t o  t h e  e x p e r i m e n t a l  
r e s u l t s .
1.
C h a p t e r  2 p r o v i d e s  a b a c kg round  t o  t h e  u n d e r l y i n g  p h y s i o l o g y .  The 
em phas i s  i s  m a i n l y  on t h e  f i n g e r s ,  a s  t h i s  i s  t h e  s i t e  a t  w h ich  
i t  i s  p r o p o s e d  t h a t  m ea s u rem e n ts  be  t a k e n  b e c a u s e ,  o f  ( 1 )  t h e  
s i t e s ' s  a c c e s s i b i l i t y ,  ( 2 )  h i g h  d e g r e e  o f  v a s c u l a t u r e  and  ( 3 )  
r e l a t i v e l y  low s k i n  a b s o r p t i o n .  A d e s c r i p t i o n  of  i t s  s t r u c t u r e  
and f u n c t i o n a l  a s p e c t s  i s  p r e s e n t e d . The known r e s p o n s e s  o f  t h e  
v a s c u l a r  s y s t e m  t o  d i f f e r e n t  s t i m u l i  i s  d i s c u s s e d  and t h e  n a t u r e  
of t h e  p e r i p h e r a l  c o n t r o l l e r s  i s  o u t l i n e d .
C h a p t e r  3 d e a l s  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  o x i m e t e r . The 
h i s t o r i c a l  d e v e lo p m e n t  i s  g i v e n .  T h i s  b e g a n  w i t h  t h e  m e a s u r e m e n t  
of  t h e  d e g r e e  of  o x y g e n a t i o n  of  h a e m o l y s e d  b l o o d .  The s i t u a t i o n
5c o n f i r m e d  by - h e s e  t e s t s .  Commonly a c c e p t e d  p h y s i o l o g i c a l  p h e n o ­
mena were d e t e c t a b l e  i n  a r e p e a t a b l e  f a s h i o n .  An e n c o u r a g i n g  
a s p e c t  o f  t h e s e  r e s u l t s  i s  t h e  s e n s i t i v i t y  of  t h e  i n s t r u m e n t . I t  
i s  t h o u g h t  t h a t  f l u c t u a t i n g  q u a n t i t i e s ,  s u c h  a s  t h e  p e r i p h e r a l  
p u l s a t i l e  f l o w  and  c y c l i c  oxygen  t e n s i o n  c h a n g e s  i n  t h e  b l o o d ,  
c o r r e s p o n d i n g  t o  t n e  r e s p i r a t o r y  r h y t h m ,  a r e  d e t e c t a b l e .
The second  aim was a p p ro a c h e d  by p r o v i d i n g  an  i n  d e p t h  l i t e r a r y  
s u r v e y  on t h e  p h y s i o l o g i c a l  and p h y s i c a l  p r o b l e m s .  As t h i s  work 
i s  i n h e r a n t l y  i n t e r - d i s c i p l i n a r y ,  v a r i o u s  d a t a  o b t a i n e d  from 
p r e v i o u s l y  u n r e l a t e d  work have  b e e n  b r o u g h t  t o g e t h e r  t o  p r o v i d e  
f i r m  f o u n d a t i o n  and d i r e c t i o n  f o r  f u r t h e r  w o r k .  I n  t h i s  c o n n e c ­
t i o n ,  i t  i s  hoped  t h a t  t h e  manner i n  w h ich  t h e  work i s  p r e s e n t e d  
w i l l  not  h a v e  t o o  many g a p s  f o r  t h e  r e s e a r c h e r  who i s  e n t e r i n g  a 
new f i e l d ,  w h i l e  a t  t h e  same t im e  n o t  i n s u l t i n g  t h e  e x p e r t .
Time l i m i t a t i o n s  r e s u l t e d  i n  o n l y  a b r i e f  e x a m i n a t i o n  and 
q u a l i t a t i v e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  i n  t e r m s  of  a model 
s t r u c t u r e .  I t  was found  t h a t  t h e  m o d e l s  and p a r a m e t e r s  i n  t h e  
l i t e r a t u r e  p r e d i c t  c o n t r a d i c t o r y  r e s u l t s  t o  t h e  e x p e r i m e n t a l  
r e s u l t s .
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C h a p t e r  2 p r o v i d e s  a b a c k g ro u n d  t o  t h e  u n d e r l y i n g  p h y s i o l o g y .  The 
em phas i s  i s  m a i n l y  on t h e  f i n g e r s ,  a s  t h i s  i s  t h e  s i t e  a t  which  
i t  i s  p r o p o s e d  t h a t  m e a s u r e m e n ts  be t a k e n  b e c a u s e ,  o f  ( 1 )  t h e  
s . t e s ' s  a c c e s s i b i l i t y ,  ( 2 )  h ig h  d e g r e e  o f  v a s c u l a t u r e  and  (3 )  
r e l a t i v e l y  low s k i n  a b s o r p t i o n .  A d e s c r i p t i o n  o f  i t s  s t r u c t u r e  
and f u n c t i o n a l  a s p e c t s  i s  p r e s e n t e d .  The known r e s p o n s e s  o f  t h e  
v a s c u l a r  s y s t e m  t o  d i f f e r e n t  s t i m u l i  i s  d i s c u s s e d  and t h e  n a t u r e  
of  t h e  p e r i p h e r a l  c o n t r o l l e r s  i s  o u t l i n e d .
C h a p t e r  3 d e a l s  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  o x i m e t e r .  The 
h i s t o r i c a l  d e v e lo p m e n t  i s  g i v e n .  T h i s  be g a n  w i t h  t h e  m e a s u r e m e n t  
of  t h e  d e g r e e  of  o x y g e n a t i o n  of h a e m o l y s e d  b l o o d .  The s i t u a t i o n
bjecame more c o m p l i c a t e d  as  t h e  r e q u i r e m e n t s  to  m e a s u r e  whole 
, l o o d ,  t i s s u e  end b lood  and f i n a l l y  an l n h o . o g e n . o u s  s t r u c t u r e  of  
t i s s u e  p l u s  b lood  were I n t r o d u c e d .  I t  i s  important t h a t  the  
in s tr u m e n t  model be c a r e f u l l y  c o n s i d e r e d .  The d i f f e r e n t  t h e o r i e s  
c o n c e r n in g  the  p r o p a g a t io n  of  l i g h t  i n  a medium such  as  human 
f l e s h  are  p r e s e n t e d  and d i s c u s s e d .  S im p le  models  are  compared to  
more c o m p l i c a t e d  o n e s .  I t  i s  c o n c lu d e d  t h a t  a one d im e n s io n a l  
s t r u c t u r e  cannot  be used to  a p p r o x i m a t e  t h e  t h r e e  d imenslna  
geometry of  th e  problem.
Chapter 4 d e a l s  w i t h  the hardware t h a t  was used  to  perform some 
p r e l i m i n a r y  e x p e r i m e n t s .  The r e s u l t s  a r e  p r e s e n t e d  and d i s c u s s e d
i n  ch ap te r  5.
F i n a l l y ,  c h a p te r  6 c o n c lu d e s  t h e  dissertation and suggests a 
probable  p a th  fo r  f u t u r e  r e s e a r c h .
l . A  REVIE» OF THE LITERATURE
f s u a l l y  a s e c t i o n  on th e  re v ie w  o f  t h e  l i t e r a t u r e  c o n c e r n in g  a
. r e j e c t  would be i n c lu d e d  at  t h i s  p o i n t .  However, b e c a u s e  the  
mijcr p o r t i o n  of  t h i s  p r o j e c t  c o u l d  be  regarded  as  a l i t e r a t u r e
rev iew ,  t h i s  c o n v e n t i o n  w i l l  b e  d i s p e n s e d  w i t h  a t  t h i s  p o i n t .
Chapters  2 and 3 p r e s e n t  and d i s c u s s  p r e v i o u s  work i n  r e l a t e d
f f o l d s .
A note  on the r e f e r e n c e s  i s  p e r t  i n a n t .  T hese  may be  d i v i d e d  up 
i n t o  t h o s e  c o n c e r n in g  the p h y s i o l o g i c a l  a s p e c t s  of  th e  d i s s e r ­
t a t i o n  ( r e f e r e n c e s  1 - 7 0 )  and t h o s e  c o n c e r n i n g  the p h y s i c a l  proper­
t i e s  of  th e  ox im e ter  ( r e f e r e n c e s  7 1 - 1 0 0 ) .  The rem ain ing  r e f e r e ­
nces  r e f e r  t o  th e  hardware used f o r  the  e x p e r im e n t a l  work.  Han,  
secondary  r e f e r e n c e s  ( p a r t i c u l a r ,  t h o s e  c o n c e r n in g  the phy­
s i o l o g i c a l  a s p e c t s )  are not  q u o t e d .  Review t e x t s  such as  Johnson  
r . „ „ n f , „ , d  1181 and Shepherd 1621 p r o v i d e  u s e f u l  s o u r c e s .
7CHAPTER 2 BACKGROUND PHYSIOLOGY
2 .1  OVERVIEW OF CARPIOVASCULAR SYSTKM
2. 1 .1  Layo ’ t o f  V e s s e l s  [ 3 5 , 4 3 ]
The a r t e r i e s  e x i t i n g  f r o n  th e  h e a r t  (pulmonary and s y s t e m i c )  
undergo r e p e a te d  d i v i s i o n  and s i m u l t a n e o u s l y  d i m in i s h  i n  s i z e .  
Repeated d i v i s i o n  of  t h e  a r t e r i e s  g i v e  r i s e  t o  a r t e r i o l e s  which  
in  turn supp ly  the c a p i l l a r i e s  ( exchange  v e s s e l s . ) .  The c a p i l ­
l a r i e s  dr a in  i n t o  the v e n u l e s  which i n  turn j o i n  up t o  form 
v e i n s E v e n t u a l l y  a l l  t h e  v e i n s  r e tu r n  to  the h e a r t  v i a  the  
Super ior  Vena Cava (neck ,  head and upper l im b s)  and t i e  I n f e r i o r  
Vena Cava ( lower  l imbs and t r u n k ) .  Blood l e a v e s  the h e a r t  v i a  the  
innom inate  a r t e r y  which d i v i d e s  t o  s u p p ly  the  head,  neck  and 
upper l im b s ,  and the d e s c e n d i n g  t h o r a c i c  a o r ta  which s u p p l i e s  the  
abdomen and lower l i m b s .
As the blood v e s s e l s  d i v i d e ,  the  c r o s s - s e c t i o n a l  area o f  the  
v a s c u l a r  bed i n c r e a s e s .  I t  has been e s t i m a t e d  [35J tha t  th e  c r o s s  
s e c t i o n a l  area of  the  t o t a l  c a p i l l a r y  bed i s  about 800  t i m e s  t h a t  
of  the main a r t e r y  ( a o r t a ) . T h is  means t h a t  the  b lood  f l o w  i s  
much s low er  in  the c a p i l l a r i e s  [43]  than i n  the a r t e r i e s .  In th e  
r e s t i n g  a l d u l t ,  the  c a r d i o v a s c u l a r  s y s te m  c i r c u l a t e s  4 - 6  1/min  
of  b l o o d . [43]
2 . 1 . 2  S t r u c t u r e  of the  Ves s e l s
As the  v e s s e l s  d i v i d e  end becom - s m a l l e r ,  so  do the  w a l l s  become 
t h i n n e r .  A l l  b lo o d  v e s s e l s  have an i n n e r  c o a t  of  e n d o th e l iu m .  
Th is  l a y e r  p r e v e n t s  c l o t t i n g  of  t h e  b lood  and prom otes  a smooth 
f l o w .  The l a r g e r  a r t e r i e s  have  v a r y i n g  t h i c k n e s s e s  of  e l a s t i c  
l a y e r s .  T h ese  aid i n  m a in t a i n in g  b l o o d  f l o w  and p r e s s u r e  t h r o u ­
ghout t h e  whole c a r d ia c  c y c l e .  As t h e  a r t e r i e s  approach the  
c a p i l l a r i e s ,  so  th e  e l a s t i c  c o a t i n g  becomes  t h i n n e r  and e v e n ­
t u a l l y  d i s a p p e a r s  in  the  c a p i l l a r y  b e d .  The c a l i b r e  of  the  
v e s s e l s  d i m i n i s h e s  from a p p r o x i m a t e ly  10mm in  the  a o r t a  t o  3 , 7pm 
i n  the  c a p i l l a r i e s .  In the  m in ute  e x c h a n g e  v e s s e l s  the  d iam eter  
of  the  v e s s e l s  i s  comparable w i th  t h e  d i a m e t e r  o f  t h e  red b lood  
c e l l  and thus  one cannot r e f e r  to  a "blood f low" i n  t h e s e  
v e s s e l s ,  b u t  must r a th er  c o n s i d e r  t h e  movement o f  i n d i v i d u a l  
c e l  1s .
The e l a s t i c  n a ture  of th e  l a r g e r  a r t e r i e s  a i d s  in  smoothing out  
the  l a r g e  p u l s a t i o n s  a s s o c i a t e d  w i t h  t h e  c a r d ia c  c y c l e .  j87j In the  
c a p i l l a r i e s ,  the  endothe l ium  l a y e r  i s  c a p a b l e  o f  v a r y i n g  d e g r e e s  
of  a c t i v e  and p a s s i v e  c o n t r a c t i o n / d i l a t i o n .  The d e g r e e  to  which  
i n d i v i d u a l  c a p i l l a r i e s  can c o n t r a c t  v a r i e s  from r e g i o n  to  r e g i o n  
and i s  p a r t l y  governed by th e  l o c a l  r e q u i r e m e n t s  o f  the r e g i o n .  
For exam ple ,  t h e  coronary  and c e r e b r a l  c i r c u l a t i o n s  have l a r g e  
oxygen r e q u i r e m e n ts  and sc the f l o w  t o  t h e s e  r e g i o n s  i s  governed  
by l o c a l  m e t a b o l i c  r e q u i r e m e n t s . The s k i n ,  on th e  o t h e r  hand, has  
a low m e t a b o l i c  requirement and s t h e  f l o w  to  t h i s  r e g i o n  i s
governed more by c e n t r a l  e f f e c t s .  Thus the  c a p i l l a r i e s  i n  the  
s k i n  a r e  r i c h l y  endowed w i th  n e w e  e n d i n g s .
S in c e  t h e  primary f u n c t i o n  of  th e  c a p i l l a r i e s  i s  to  exchange  
n u t r i e n t s  and w a s t e  products  b e tw een  t i s s u e  c e l l s  and the b l o o d ,  
th e  w a l l s  of  t h e s e  v e s s e l s  are g e n e r a l  y v e r y  t h i n  and s e m i -
porous .  An important  r e s u l t  o f  t h i s  exchange  p r o p e r ty  o f  the
v e s s e l s ,  i s  t h a t  f l u i d  can move from the b lo o d  i n t o  the
i n t e r s t i t i a l  t i s s u e  s p a c e s , t h e r e b y  i n c r e a s i n g  t h e  t i s s u e  p r e s -
9s u r e  and c o n s t r i c t i n g  tl  c a p i l l a r i e s .  T h i s  ha s  i m p o r t a n t  c o n ­
s e q u e n c e s  i n  t h e  r e g u l a t i o n  o f  t h e  b l o o d  f l o w .
_2.-l» 3 A r t e r i o v e n o u s  A n a s t o m o s i s  [34.  b3. 43. 351
A r t e r i o l e s  and v e n u l e s  a r e  not  o n l y  c o n n e c t e d  t o g e t h e r  v i a  t h e  
c a p i l l a r y  n e tw o r k s ,  b u t  t h e r e  a r e  a l s o  r e l a t i v e l y  l a r g e  c h a n n e l s  
which c o n n e c t  t h e  a r t e r y  and venous  s y s t e m s  t o g e t h e r .  These  
v e s s e l s  a r e  found i n  many l o c a t i o n s  and v a r y  i n  c o m p l e x i t y  
t a n g i n g  f iom s i m p l e  d i r e c t  l i n k s  b e tw e en  a r t e r i e s  (which a r e  
c a p a b l e  of  s h u n t i n g  r e l a t i v e l y  l a r g e  amount s  o f  b lo o d  away from 
o r  to  m e t a b o l i s i n g  t i s s u e ) , to  complex i n t e r c o n n e c t i n g  o r g a n s  
which  a r e  u s u a l l y  te rmed  g lomus  o r g a n s . In  o r d e r  t o  be a b l e  t o  
d i f f e r e n t i a t e  be tw een  c a p i l l a r i e s  and  complex a n a s t o m o s e s ,  one 
may d e f i n e  an a r t e r i o v e n o u s  a n a s t o m o s i s  as  a " c o n n e c t i o n  b e tw e en  
a r t e r i a l  and venous s i d e s  of  t h e  c i r c u l a t i o n ,  t h r o u g h  which  
n u t r i e n t  m a t e r i a l s ,  m e t a b o l i c  p r o d u c t  and g a s e s  a r e  no t  n o r m a l l y  
exchanged w i t h  t i s s u e  f l u i d s . "  [63]
A r t e r i o v e n o u s  Anas tomoses  (AVA'  s ) a r e  most  numerous i n  t h e  
f i n g e r s ,  t o e s  and n o s e .  The r e l a t i v e  a b u n d a n ce  of  t h e s e  s h u n t s  
and b lood  v e s s e l s  ( s e e  a l s o  a p p e n d i x  1 ) ,  make t h e  f i n g e r  a good 
s i t e  f o r  m e a s u r in g  changes  i n  t h e  s h u n t  p e r f u s i o n  r a t i o .  The 
a v e r a g e  d i a m e t e r  of t h e  AVA's i n  t h e  f i n g e r s  i s  50pm, a l t h o u g h  
l a r g e r  ones  a r e  f o u n d . The l e n g t h  t h e  v e s s e l s  r a n g e  from a few
m ic r o m e te r s  to  2 -  4 mm in  l e n g t h .
Opening and c l o s i n g  of  t h e  AVA's s i g n i f i c a n t l y  a f f e c t  t h e  b l o o d  
f lo w  t h ro u g h  t h e  a s s o c i a t e d  c a p i l l a r y  b e d .  The AVA's t h u s  a c t  a s
a  f i n e  and r a p i d  c o n t r o l l e r  f o r  t h e  p a r t i t i o n i n g  o f  t h e  l o c a l  
c i r c u l a t i o n .
The a r t e r i o v e n o u s  a n a s t o m o s e s  o f  t h e  f i n g e r  a r e  r i c h l y  i n n e r ­
v a t e d .  They can t h u s  be c e n t r a l l y  c o n t r o l l e d .  Under no rmal  
c o n d i t i o n s  t h e y  a r e  s e e n  t o  r h y t h m i c a l l y  d i l a t e  and c o n t r a c t  a t  a 
f a s t e r  r a t e  t h a n  t h e  a r t e r i o l e s  f rom w hich  th e y  a r i  . They t e n d  
t o  a c t  i n d e p e n d e n t l y  from n e i g h b o u r i n g  AVA's and a r t e r i o l e s .  In
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a d d i t i o n  th e y  a t e  a l s o  a t  Lted by l o c a l  c o n d i t i o n s  s u c h  as
humora l  s u b s t a n c e ,  l o c a l  oxygen t e n s i o n ,  PH and t r a u m a .
When t h e  AVA opens  t h e r e  i s  a r i s e  i n  l o c a l  venous  p r e s s u r e  which 
s p r e a d s  to  t h e  c a p i l l a r y  bed which d i m i n i s h e s  and in  some c a s e s  
might  even r e v e r s e  the  c a p i l l a r y  f lo w .  The i r r e g u l a r i t y  o f  f low  
o b s e rv e d  i n  t h e  c a p i l l a r i e s  i s  a r e s u l t  o f  t h e  l a c k  o f  c o r ­
r e l a t i o n  be tw een  t h e  random f l u c t u a t i o n s  i n  t h e  c o n t r a c t i o n s  of  
t h e  AVA'S and t h e  a r t e r i o l s  s u p p l y i n g  th e  r e g i o n .  T h i s  r e s u l t s  in  
an i r r e g u l a r  p a t t e r n  o f  f i l l i n g  and em pty in g  o f  . e g i o n a l  v e s s e l s .  
I t  s h o u ld  be n o t e d  t h a t  most  a u t h o r s  [ 7 , 3 5 , 5 5 , 6 3 ]  a g r e e  t h a t  t h e  
a n a s to m o s e s  of  t !  s k i n  a r e  n o t  f i x e d ,  p e rm a n e n t  f e a t u r e s  b u t  
grow as  a r e s p o n s e  t o  l o c a l  c o n d i t i o n s .  O b s e r v a t i o n s  [55] made on 
new Dorn, normal  b a b i e s  show t h a t  a t  b i r t h ,  t h e  AVA S o f  t h e  s k i n  
i re  not p r e s e n t ,  bu t  r a t h e r  d e v e l o p e ,  i n t o  t h e i r  v a r i o u s  fo rm s  of  
c o m p l e x i t y  d u r i n g  the  b a b y ' s  f i r s t  few m onths .
An i n t e r e s t i n g  type  of a n a s t o m o s i s  o c c u r s  when an a r t e r y  s u p p l ­
y ing  i g iv e n  t i s s u e  mars  becomes o c c l u d e d .  C o n n e c t i n g  v e s s e l s  can 
d e ve lop  be tween  the o c c l u d e d  a r t e r y  and a d j a c e n t  a r t e r i e s  s o  ub 
to  e v e n t u a l l y  s u p p ly  t h e  t i s s u e  mass w i t h  as  much b l o o d  a s  b e f o r e  
the  v e s s e l  became o c c lu d e d  ( c o l l a t e r a l  c i r c u l a t i o n ) .  I f  t h i s  t y p e  
of c o n n e c t i o n  was n o t  p o s s i b l e ,  then  such an o c c l u s i o n  would 
r e s u l t  i n  a c e s s a t i o n  o f  f low  t o  t h e  v a s c u l a r  t e r r i t o r y ,  t h e  
t i s s u e  mass would d i e  and g a n g re n e  would s e t  i n .  F u l l  c o l l a t e r a l  
c i r c u l a t i o n  d e v e lo p e s  b e t t e r  in  young p a t i e n t s .  I n  some c a s e s ,  
such  a c i r c u l a t i o n  might  become e f f e c t i v e  i m m e d i a t e l y  a f t e r  an 
. I n  . i
t h a t  the  t i s s u e  mass d i e s .
The p r e c i s e  f u n c t i o n  on c i r c u l a t o r y  dynamics o f  t h e  AVA s i s  not  
known. The s im p l e  s h u n t  f u n c t i o n  of  the  AVA's i s  a c c e p t e d .  I b i s  
f u n c t i o n  has  i t s  main i m p o r t a n c e  in  t e m p e r a t u r e  r e g u l a t i o n ,  a s  
t he  AVA's would a l l o w  a r e l a t i v e l y  l a r g e  volume o f  b lood  to  be 
s h un te d  from t h e  a r t e r i a l  t o  venous  c i r c u l a t i o n s .  However, the  
s t r u c t u r e  of t h e  more complex and s p e c i a l i s e d  glomus organs  
s u g g e s t s  t h a t  t h e i r  f u n c t i o n  i s  no t  s im p ly  t h a t  of  a s h u n t .  Some 
type  of s e c r e t o r y  f u n c t i o n  [34] h a s  been s u g g e s t e d .
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The v a r i a t i o n  i n  the  s h u n t  p e r f u s i o n  r a t i o ,  i n  t h e  t i s s u e ,  a s  a 
r e s p o n s e  t o  v a r i o u s  s t i m u l i  ( s e e  s e c t i o n  2 . 7 )  h e l p s  m a i n t a i n  
h e m o s t a s i s ' .  T h e r e f o r e ,  t h i s  r a t i o ,  and t h e  manner < which the  
r a t i o  can change  may b e  a b l e  t o  p r o v i d e  a m easu re  of  m e  s t a t e  of  
t h e  body a s  a whole.  I n  o t h e r  w ords ,  t h i s  r a ' i o  may r e p r e s e n t  one 
of  t h e  l e s s  c o n t r o l l e d  v a r i a b l e s  m e n t io n e d  in  s e c t i o n  1 .2 .
A s e c o n d a r y  f u n c t i o n  of  t h e  AVA i s  t o  r e g u l a t e  v a s c u l a r  p r e s s u r e .  
As h a s  been  m en t ioned  p r e v i o u s l y ,  o p e n i n g  up t h e  AVA r a i s e s  t h e  
ve nous  p r e s s u r e .  The r o l e  o f  t h e  a r t e r i o v e n o u s  a n a s t o m o s i s  i n  
d i s e a s e  i s  n o t  c l e a r .  I t  h a s ,  how ever ,  b e e n  n o t e d  t h a t  when th e  
AVA's become p e r m a n a n t l y  d i l a t e d  t h e n  t h e  f low  to  t h e  v a s c u l a r  
r e g i o n  d i m i n i s h e s .
2 . 2  BLOOD VESSELS OF THE ARM AND HAND [24]
The a r t e r i e s  s u p p l y i n g  t h e  f o r e a r m  and hand  ( f i g u r e s  2 .1  ~ 2 .3 )  
a r i s e  f rom th e  B r a c h i a l  a r t e r y  ( a l s o  s e e  a p p e n d ix  1 ) .  The 
B r a c h i a l  a r t e r y  d i v i d e s  up i n t o  two n . ' i n  a r t e r i e s ,  t h e  r a d i a l  and 
u l n a  a r t e r i e s ,  which run down e i t h e r  s i d e  o f  t h e  f o r e a r m .  Tnev 
j o i n  up in  t h e  hand v i a  t h r e e  a r c h e s  ( s u p e r f i c i a l  pu lmer  a r c h ,  
deep  pu lmer  a r c h  and p o s t e r i o r  c a r p a l  a r c h ) . the  d i g i t a l  a r t e r i e s  
w hich  a r i s e  f rom t h e s e  a r c h e s  s u p p l y  t h e  f i n g e r s .  ihe  d i g i t a l  
a r t e r i e s  g i v e  r i s e  t o  a f a i r l y  c o m p l i c a t e d  c a p i l l a r y  s t r u c t u r e  
which  becomes v e ry  d e n s e  a t  t h e  f i n g e r  t i p s .  Taken as  a whole ,  
t h e  b lo o d  s u p p ly  c o n s i s t s  o f  numerous  i n t e r c o n n e c t i n g  v e s s e l s , 
which form a g r i d  ov e r  t h e  hand .
Most w o r k e r s ,  when det< r m i n in g  b l o o d  f lo w  t o  t h e  hand ,  do not  
d i s t i n g u i s h  between t h e  whole hand ,  and  t h e  d i g i t s . Green f i e l d  
d e t e r m i n e d  t h e  p r o p o r t i o n  of  t h e  t o t a l  hand f low  which f lo w s  lu 
t h e  d i g i t s .  I t  was found t h a t  t h i s  p r o p o r t i o n  va l ed  w i t h  
i n d i v i d u a l s  and w i th  t e m p e r a t u r e .
The g r e a t e s t  p r o p o r t i o n  (39%) f low ed  t h r o u g h  t h e  d i g i t s  in
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c o m f o r t a b l e  r a n g e  of  t e m p e r a t u r e s .  At e i t h e r  e x t r e m e  t h e  d i g i t a l  
f fow dropped  t o  44% of  t n e  t o t a l  hand f l o w .  Thus ,  t h e  v e s s e l s  of  
t h e  d i g i t s  d i l a t e  a t  a d i f f e r e n t  t e m p e r a t u r e  t o  t h a t  o f  t h e  r e s t  
of  t h e  hand ,  whose b l o o d  v e s s e l s  a r e  s i m i l a r  t o  t h o s e  o f  t h e  
f o r e a r m  ( s e c t i o n  2 . 6 . 2 ) .
I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  30% o f  t h e  hand  i s  s k i n  and 
15,5% musc le  (by m as s ) ,  w h i l e  t h e  c o r r e s p o n d i n g  q u a n t i t i e s  o f  t h e  
f o re a rm  a r e  13% and 58,6%. Thus a g a i n ,  t h e  f i n g e r  i s  a l i k e l y  
c h o i c e  b e c a u s e  o f  t h e  l a r g e  v a r i a t i o n s  which  can t a k e  p l a c e  i n  
s k i n  b lood  f l o w .
2 . 3  THE SKIN
2. 3. 1 Anatomy
The t o t a l  mass of  t h e  s k i n  i s  a p p r o x i m a t e l y  16% of  t h e  body mass 
and has  a s p e c i f i c  g r a v i t y  o f  1 ,2 5 .  [70] The  t h i c k n e s s  o f  t h e  
s k i n  v a r i e s  f rom a b o u t  0 ,1  mm on t h e  l i p s  to  4 mm on t h e  pa lms 
and s o l e s .  I t  i s  c o n t i n u o u s  o v e r  t h e  who le  h e a l t h y  body and 
s e r / e s  many f u n c t i o n s ,  s u c h  a s  p r o t e c t i v e  c o a t i n g ,  w a t e r p r o o f i n g ,  
t e m p e r a t u r e  r e g u l a t i o n  e t c .  I n f r a - r e d  r a d i a t i o n  w i l l  o n l y  p e n e t ­
r a t e  a few m i l l i m e t r e s "  and t h e  p e n e t r a t i o n  d e p t h  o f  s u n l i g h t  
i s  a l s o  not  l a r g e .  [35]
The s k i n  i s  u s u a l l y  c o n s i d e r e d  t o  be composed of  t h r e e  m a jo r  
p a r t s  ( s e e  f i g u r e  2 .4 )
( i )  i h e  EPIDERMIS ( c u t i c l e )  i s  t h e  e x t r e m e  o u t e r  c o v e r i n g  o f  
t h e  boriv.
( i i )  Ihe CORIUM ( c u t i s  v e r a ) c o n s t i t u t e s  t h e  g r e a t e r  p a r t  o f  
t h e  s k i n  t h i c k n e s s .
C U T A .* s » t 'J M
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( i l l )  S u b c u t a n e o u s  f a t  p r o v i d e s  i n s u l a t i o n  be tw e en  t h e  i n n e r  
body  and o u t e r  s k i r  s u r f a c e *  I t  a l s o  a l l o w s  r e l a t i v e  
movement be tw e en  th e  two.
The t h i c k n e s s  of  t h e  E p i d e r r i s  l a y e r  v a r i e s  a t  d i f f e r e n t  p a r t s  o f  
t h e  body f rom a b o u t  0 , 3  mm t o  1 mm. I t  i s  t h i c k e s t  on t h e  palms 
and s o l e s .  F i v e  s u b l a y e r s  a r e  i d e n t i f i e d  i n  t h e  E p i d e r m i s ,  f rom 
t h e  o u t e r m o s t  l a y e r  i n w a r d s  t h e y  a r e ;
( i )  S t r a t u m  Corneum
( i i )  S t r a t u m  Lucidum 
( i l l )  S t r a t u m  Granu losum
( i v )  S t r a t u m  Mucosum
(v)  S t r a t u m  G erm ina t ivum
The d i f f e r e n t  l a y e r s  a r e  c l a s s i f i e d  a c c o r d i n g  t o  the  t y p e  of  
c e l l s  f rom which  t h e y  a r e  composed.  Most of  t h e  c e l l s  o f  t h e  
o u t e r  l a y e r s  o f  t h e  e p i d e r m i s  a r e  dead and a r e  c o n t i n u o u s l y  b e i n g  
rubbed  o f f  w i t h  t h e  o u t e r m o s t  l a y e r s  b e i n g  r e p l a c e d  by t h e  lower  
l a y e r s .  The c e l l s  a r e  h a r d ,  hence  th e  terra " h o rn y  l a y e r "  i s  
f r e q u e n t l y  u s e d .
The e p i d e r m i s  i s  c h a r a c t e r i z e d  by t h e  a b s e n c e  of  b l o o d  v e s s e l s .  
I t  doe s  c o n t a i n  n e r v e  e n d i n g s  which a r e  u s u a l l y  s e n s i t i v e  t o  
t o u c h .  Sk in  p i g m e n t a t i o n  i s  p roduced  by t h e  s u b s t a n c e  melanim 
which  i s  p r o d u c e d  from m e l a n o c y t e  c e l l s .  These  c e l l s  a r e  formed 
i n  t h e  d e e p e r  l a y e r s  of  t h e  e p i d e r m i s  ( p r i n c i p a l l y  t h e  s t r a t u m  
mucosum, s e e  s e c t i o n  2 . 3 . 2 . )  The d e n s i t y  of  melanim v a r i e s  f rom 
l o c a t i o n  t o  l o c a t i o n  on t h e  b o d y • The d e n s i t y  o f  t h e  m e l a n o c y t e s  
d i m i n i s h e s  a s  t h e  l o w e r  l a y e r s  m i g r a t e  t o w a rd s  t h e  s u r f a c e .
The Corium i s  a f l e x i b l e ,  e l a s t i c  l a y e r .  I t  h a s  numerous b l o o d  
v e s s e l s ,  l y m p h a t i c  c h a n n e l  and n e r v e s • The t i s s u e  l a y e r  i s  
u s u a l l y  d i v i d e d  up i n t o  t h e  d e e p e r  ( r e t i c u l a r )  and s u p e r f i c i a l
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( p a p i l l a r y )  l a y e r s .  The r e t i c u l a r  l a y e r  i s  f i b r o u s  and g r a d u a l l y  
m erges  w i t h  t h e  s u b c u t a n e o u s  f a t .  T h i s  r e g i o n  c o n t a i n s  t h e  r o o t s  
o f  t h e  h a i r  and t h e  sw ea t  g l a n d s ,  which a r e  r i c h l y  s u p p l i e d  w i t h  
b l o o d  v e s s e l s .
The p a p i l l a r y  l a y e r s  a r e  v a s c u l a r  e m in e n ce s  ( p a p i l l a e )  which r i s e  
p e r p e n d i c u l a r  to  t h e  s k i n  s u r f a c e .  They a r e  r e c e i v e d  i n t o  p i t s  on th e  
u n d e r s i d e  of  t h e  e p i d e r m i s .  I n  t h e  h a n d s ,  f i n g e r s  and t o e s ,  t h e r e  
a r e  l a r g e  numbers  of  p a p i l l a e .  T ' e y  a r e  c l o s e l y  s p a c e d  t o g e t h e r  
i n  p a r a l l e l  c u rv e d  l i n e s .  On t h e  f i n g e r  t i p s ,  t h e s e  p a r a l l e l  
r i d g e s  a r e  s e e n  a s  t h e  l i n e s  which  make up ones  " f i n g e r  p r i n t s '  ,
In  each  p a p i l l a  t h e r e  i s  a s i n g l e  c a p i l l a r y  l o o p .
The oxygen  p e r m e a b i l i t y  o f  t h e  s k i n ,  u n d e r  r e s t i n g  c o n d i t i o n s ,  i s  
low.  The s t r a t u m  corneum p r o v i d e s  a b a r r i e r  t o  oxygen  p e r f u s i o n .  
The oxygen t e n s i o n  a t  t h e  s k i n  s u r f a c e  i s  a p p r o x i m a t e l y  7 mm Hg, 
w h i l e  I n  t h e  b a s a l  l a y e r  i t  i n c r e a s e s  t o  20 mm. [64] T h e r e f o r e ,  
t h e  oxygen i n  t h e  co r ium  i s  s u p p l i e d  a l m o s t  e n t i r e l y  f rom t h e  
c a p i l l a r y  b e d ,  and  t h e  b l o o d  i s  m a i n ly  v e n o u s .
In  a d d i t i o n  t h e  a v e r a g e  oxygen  t e n s i o n  i n c r e a s e s  w i t h  an i n c r e a s e  
i n  t e m p e r a t u r e .  Both t h e s e  o b s e r v a t i o n s  a r e  i n  a c c o r d a n c e  w i t h  
t h e  v a s c u l a r  s t r u c t u r e  of  t h e  s k i n  ( s e c t i o n  2 . 4 ) .
The Corium l a y e r  does  h a v e  a c o n s i d e r a b l e  oxygen  u p t a k e . Ex­
p e r i m e n t s  [64]  have  shown t h a t  1 - 1 , 5  min a f t e r  c o m p l e t e  c e s s a t i o n  
i n  t h e  c i r c u l a t i o n ,  t h e  oxygen  t e n s i o n  i n  t h e  b a s a l  l a y e r  d ro p p e d  
to  a lm o s t  z e r o ,  w h i l e  t h e  oxygen  i n  t h e  e p i d e r m i s  was l o s t  much 
more s l o w l y .
The r o l e  of  oxygen t e n s i o n  and  oxygen  g r a d i e n t s  in  t h e  s k i n  h a v e  
been  i n v e s t i g a t e d .  I t  i s  w i d e l y  a c c e p t e d  t h a t  oxygen p l a y s  a 
m a jo r  r o l e  i n  c u t a n e o u s  r e p a i r  p r o c e s s e s .  Not o n ly  i s  t h e  s k i n  
p e r m e a b i l i t y  c h a n g e d ,  b u t  normal  oxygen g r a d i e n t s  may be r e v e r ­
s e d ,  e s p e c i a l l y  where  t h e  de rm al  c a p i l l a r i e s  a r c  n o t  d i l a t e d .  I t  
migh t  be r e a s o n a b l e  t o  p o s t u l a t e  t h a t  t h e  c o n t r o l  of  e p i d e r m a l  
g row th  and r e p l a c e m e n t  c o u l d  depend  t o  some e x t e n t  on t h e  
d i r e c t i o n  and  m a g n i t u d e s  of  t h e  oxygen g r a d i e n t s  w i t h i n  t h e  
e p i d e r m i s .  I f  t h i s  i s  t h e  c a s e ,  t h e n  i t  would  c l e a r l y  be
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c l i n i c a l l y  a d v a n t a g e o u s  t o  h a v e  some m e a s u r e  o f  t h e s e  q u a n t i t i e s .  
I n  t h e  c a s e  o f  a wound w here  t h e  b l o o d  v e s s e l s  a r e  damaged ( e . g .  
s e v s r e  b u r n s ) , r e p a i r  m i g h t  b e  d e l a y e d  a s  a r e s u l t  o f  t h e  
u n a v a i l a b i l i t y  of  o x y g e n .
2 . 3 . 2  Sk in  Colour
The c o l o u r  o f  t h e  s k i n  h a s  l o n g  b e e n  u s e d  as  a d i a g n o s t i c  a d  i n  
a s s e s s i n g  t h e  amount  o f  p e r i p h e r a l  b l o o d  f l o w .  A l t h o u g h ,  t h e  s k i n  
c o l o u r  i s  m a i n l y  d e t e r m i n e d  by t h e  f r a c t i o n a l  b l o o d  v o l u m e ,  t h e r e  
a r e  o t h e r  f a c t o r s  w h i c h  c o n t r i b u t e  t o  s k i n  c o l o u r  1 2 1 ] .  L i g h t  
i n c i d e n t  on t h e  s k i n  s u r f a c e  w i l l  p e n e t r a t e  3 - 5 mm i n t o  t h e  s k i n  
and h e n c e  t h e  c o l o u r  ( o r  s p e c t r a l  r e f l e c t a n c e )  w i l l  be  g o v e r n e d  
by t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  e p i d e r m i s ,  c o r i u m  and  u p p e r  
l a y e r s  of  t h e  s u b c u t a n e o u s  f a t .
The f i r s t  f a c t o r  w h i c h  d e t e r m i n e s  s k i n  c o l o u r  i s  t h e  amount  of  
m e l a n i n  p r e s e n t . The v a r i a t i o n  o f  s k i n  c o l o u r  b e t w e e n  r a c e s  i s  
a t t r i b u t a b l e  t o  t h e  d i f f e r e n t  a m o u n t s  of m e l a n i n  f o u n d  i n  l i g h t  
and d a r k  s k i n n e d  p e o p l e .  Two o r i g i n s  o f  m e l a n i n  h a v e  b e e n  
i d e n t i f i e d . The p r i m a r y  o r i g i n  i s  h e r e d i t a r y ,  w h i l e  t h e  s e c o n d a r y  
s o u r c e  i s  a r e s p o n s e  t o  t h e  e x p o s u r e  of  s u n l i g h t . The s u s c e p ­
t i b i l i t y  t o  s e c o n d a r y  p i g m e n t a t i o n  -depends  on t h e  e a s e  of l i g h t  
p e n e t r a t i o n  i n t o  t h e  s k i n  a n d  t h e  m anne r  i n  w h i c h  t h e  s k i n  
r e a c t s .  Hence ,  s e c o n d a r y  p i g m e n t a t i o n  i s  l e s s  i m p o r t a n t  i n  b o t h  
e x t r e m e l y  f a i r  and d a r k  s k i n n e d  p e o p l e .
A b s o r p t i o n  by m e l a n i n  [21]  i n c r e a s e s  f r o m  t h e  r e d  t o  t h e  u l t r a  
v i o l e t  r e g i o n s  of  t h e  s p e c t r u m .  H i e  d i s t r i b u t i o n  o f  m e l a n i n  
v a r i e s  f rom  l o c a t i o n  t o  l o c a t i o n [ 2 1 ] ,
Thus when o b s e r v i n g  t h e  r i l  p r o p e r t i e s  o f  t h e  s k i n ,  a s i t e
of  low m e l a n i n  c o n c e n t  r a t i o  s  Id  b e  s e l e c t e d • The p a i r s  an d  
f i n g e r s  p r o v i d e  s u c h  a s i t e ,  'j d e n s i t y  of  m e l a n i n  i s  h i g h e s t  i n  
t h e  d e e p  l a y e r s  of t h e  e p i d e r m i s  a n d  d e c r e a s e s  t o w a r d s  t h e  
s u r f a c e .  A d e r i v a t i v e  of  m e l a n i n ,  m o l a n o i d  was i d e n t i f i e d  by 
Id w a r d s  and D u n t l e y  [21]  t o  a c c o u n t  f o r  s k i n  a b s o r p t i o n  i n  t h e  




t h i s  i n v e s t i g a t i o n  a s  t h e  u l t r a  v i o l e t  r e g i o n  o f  t h e  s p e c t r u m  i s  
n o t  u s e d .
The s u b s t a n c e  C a r o t e n e  which i s  found m a i n ly  i n  the  Coriura and 
s u b c u t a n e o u s  f a t  h a s  an a b s o r p t i o n  band a r o u n d  450-480nm (b lu e  
r e g i o n ) .  Above 500nm i t s  t r a n s m i s s i o n  i s  n e a r  t o  100% and hence  
i s  n o t  i m p o r t a n t  a t  t h e  w a v e l e t g t h s  used  i n  t h i s  work.
Haemoglobin  (a main c o n s t i t u e n t  of  b l o o d )  has  an a b s o r p t i o n  
s p e c t r u m  w hich  de pe nds  upon w h e th e r  i t  i s  i n  t h e  o x i d i s e d  or  
r ed u c e d  s t a t e .  A f u l l e r  d i s c u s s i o n  i s  p r e s e n t e d  i n  s e c t i o n  3 . 1 .  
However , i t  s h o u ld  be  n o t e d  t h a t  f a c t o r s  which  can mask the  
a b s o r p t i o n  bands  of  ha em oglob in  a r e :
( i )  The r e l a t i v e  a r e a  of  sub p a p i l l a r y  p l e x u s  which  i s  v e n o u s .
( i i )  The d i s t r i b u t i o n  of  m e l a n i n .
( i i i )  The s c a t t e r i n g  p r o p e r t i e s  of t h e  s t r a t u m  mucoseum.
The t r a n s p a r e n t  upper  l a y e r s  of  t h e  e p i d e r m i s  do n o t  e x h i b i t  much 
s c a t t e r i n g ,  whereas  t h e  opaque d e e p e r  l a y e r s  ( e . g .  mucoseum) 
s c a t t e r  l i g h t  t o  a g r e a t e r  e x t e n t ,  b e c a u s e  r e f l e c t i o n  from t h e s e  
l a y e r s  i s  l a r g e r  ( s e e  f i g u r e  9, page  13 and  f i g u r e  19, page  23 i n  
(2 1 ) ) .
2 . 4  VASCULATURI
R e s e a rc h  i n t o  the  v a s c u l a r  s t r u c t u r e  of  t h e  s k i n  ( c u t a n e o u s )  
c i r c u l a t i o n  was s t a r t e d  e a r l y  i n  t h e  n i n e t e e n t h  c e n t u a r y . Al ­
though  e x t e n s i v e  work h a s  s u b s e q u e n t l y  b e e n  done ,  t h i s  t o p i c  i s  
s t i l l  no t  f u l l y  u n d e r s t o o d .
21
Near t h e  f i n g e r  t i p ,  t h e  p r im a r y  d i g i t a l  a r t e r i e s  d i v i d e  i n t o  two 
b r a n c h e s .  The P e r i o s t e a l  b r a n c h  (P)  ( s e e  f i g u r e  2 .5 )  t u r n s  up 
t o w a rd s  the  n a i l  bed,*w I n a l  b r a n c h  (T) runs  p a r a l l e l
to  t h e  s k i n  s u r f a c e  a t  a b o u t  one t h i r d  of  t h e  f i n g e r  t h i c k n e s s
from t h e  b o t t o r  s k in  s u r f a c e ,  i t  c u r v e s  n e a r  t h e  f i n g e r  t i p  to  
form t h e  n a i l  a r t e r y .
The t e r m i n a l  a r t e r y  ( a p p e n d i x  2)  h a s  b r a n c h e s  which c o n t i n u e
tow ards  the  s k i n  s u r f a c e .  The f o l l o w i n g  v a s c u l a r  l a y e r s  a r e  
r e c o g n i z e d .
1. A deep a r t e r i a l  a r c a d e  i s  fo rmed i n  t h e  lower  l a y e r s  o f  
t h e  Corium ( v e s s e l  d i a m e t e r  a p p r o x i m a t e l y  100 urn. [42]  )
2. Ascending v e s s e l s  t h r o u g h  t i n  raid cor ium which have 
b r a n c h e s  s u p p l y i n g  sweat  g l a n d s  and t h e  h a i r  f o l l i c l e s .
3. A h o r i z o n t a l  a r t e r i a l  p l e x u s  ( s u b p a p i l l a r y  p l e x u s )  l o c a t e d  
j u s t  below the  e p i d e r m i s .
4. H a i r p i n  loops  s u p p l y i n g  t h e  p a p i l l a e .  These  a r e  t h e  most  
s u p e r f i c i a l  v a s c u l a r  s t r u c t u r e  and can  o f t e n  be s e e n  
th rough th e  upper  l a y e r s  of  t h e  e p i d e r m i s .  [ 42 ] .  The 
p a p i l l a r y  loops  a r e  abou t  0 , 2  -  0 , 4  mm i n  l e n g t h .
5. The p a p i l l a r y  l o o p s  d r a i n  i n t o  t h e  s u b p a p i l l a r y  venous  
p l e x u s  which f r e e l y  i n t e r m i n g l e s  w i t h  t h e  s u b p a p i l l a r y  
a r t e r i o  p l e x u s .
6. Venules  descend from th e  venous  p l e x u s  i n  a c a n d e l a b r a  
f a s h i o n  to  t h e  deep venous  d r a i n a g e  p l e x u s .
The c o n c e n t r a t i o n  of  s u p e r f i c i a l  c a p i l l a r i e s  have  been e s t i m a t e d  
a t  16-b5 p e r  .quare  mm. [70]  Each p a p i l l a r y  v e s s e l  has  a d i a m e t e r  
o f  a p p r o x i m a t e l y  0 ,0 1 5  mm.[42]  As t h e s e  r i s e  p e r p e n d i c u l a r  t o  t h e  
s u r f a c e ,  t h e  r e l a t i v e  b lo o d  to  t i s s u e  volume may be e s t i m a t e d  to  
be  a p p r o x i m a t e l y  0 ,04 .  The combined volume of  t h e  s u p e r f i c i a l ,
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P e r i o s t e a l  Branch
A r c u a t e  A nas tom ic  
A r t e r y
S u b p a p i 1l a r y  
P l e x ' s
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F i g u r e  2 .5  S c h e m a t ic  R e p r e s e n t a t i o n  o f  t h e  D i g i t a l  C i r c u l a t i o n .  
(Hand c o p ie d  from [ 3'♦] , f i g  12, page 209)
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i n t e r m e d i a t e  and deep  p l e x u s  l a y e r s  a r e  a b o u t  f i i t e e n  t i m e s  t h a t  
of  t h e  a r t e r i a l  s u p p l y .  The v e n u l e s  and c a p i l l a r i e s  do n o t  have  
t h e  same c o n t r a c t i l e  a b i l i t y  a s  t h e  a r t e r i o l e s .  However ,  some 
i n v e s t i g a t o r s  have shown t h a t  t h e  e n d o t h e l i u m  c e l l s  o f  t h e  
c a p i l l a r i e s  can change  s h a p e ,  which  r e s u l t s  i n  a c hange  i n  t h e  
c a p i l l a r y  d i a m e t e r .  [35]
A r t e r i o v e n o u s  a n a s to m o se s  o c c u r  a t  a l l  l e v e l s  of  t h e  c u t a n e o u s  
v a s c u l a r  s t r u c t u r e .  These  v a r y  i n  c o m p l e x i t y  f r r  vmple c h a n n e l s  
which s im p l y  c o n n e c t  t o g e t h e r  t h e  a r t e r i o l e s  and v e n u l e s  t h r o u g h  
v a r y i n g  s t a g e s  of  m u s c u l a r  w a l l  c o m p l e x i t y  t o  t h e  h i g h l y  d e v e ­
lo p ed  glomus o r g a n s .  The a v e r a g e  d i a m e t e r  of  t h e  v e s s e l s  v a r y  
from 20 -  70 ym. In t h e  f i n g e r  t i p s  t h e r e  a r e  a b o u t  236
a r t e r i o v e n o u s  a n a s t o m o s i s .  [62]
The a r t e r i o v e n o u s  a n a s t o m o s e s  a t u s u a l l y  r i c h l y  i n n e r v a t e d  and 
he n c e  can p l a y  a major  r o l e  i n  t e m p e r a t u r e  c o n t r o l .  When t h e y  
open up,  t h e  b lood f lo w  t o  t h e  s k i n  can be i n c r e a s e d  t e n f o l d  so 
a s  t o  e n a b l e  an i n c r e a s e d  h e a t  e xc hange  f u n c t i o n  w i t h  t h e  
e n v i r o n m e n t .  Under no rm a l ,  c o m f o r t a b l e  t e m p e r a t u r e  c o n d i t i o n s ,  
t h e  AVA's w i l l  d i l a t e  and c o n t r a c t  r h y t h m i c a l l y  w i t h  a p e r i o d  of 
0 , 5 - 2  m i n u t e s .  T h i s  a c c o u n t s  f o r  t h e  p e r i o d i c  b l o o d  f low  which 
h a s  been  o b s e r v e d  i n  t h e  c o m f o r t a b l e  t e m p e r a t u r e  r a n g e .  1 6 , 2 6 j 
The AVA's can  be vi* wed a s  p r e f f e r e n t i a l  c h a n n e l s .  The c a p i l ­
l a r i e s  p r o v i d e  moie c i r c u i t o u s  c h a n n e l s  b e tw e e n  a r t e r i o l s  anc  
v e n u l e s .  The musc le  a t  t h e  p o i n t  of  e x i t  f rom th  p r e f e r e n t i a l  
c h a n n e l ,  i s  c a p a b l e  of  c o n t r a c t i n g  and hence  d i v e r t i n g  t h e  f low 
i n t o  t h e  p a p i l l a r y  l o o p s .  In  t h e  d e e p e r  l a y e r s  of  t h e  s k i n ,  t h e  
a r t e r i e s  and v e i n s  a r e  i n  c l o s e  p r o x i m i t y  t o  one a n o t h e r .  T h i s  
a l l o w s  f o r  h e a t  e xc hange  be tw e en  t h e  ve n o u s  and a r t e r i a l  c i r ­
c u l a t i o n s .  T h i s  t y p e  of h e a t  e x c h an g e  i s  i m p o r t a n t  when t h e  body
ha s  t o  c o n s e r v e  h e a t .
Dur ing  s t e a d y  s t a t e  ( i . e .  s u b j e c t  s i t t i n g  s t i l l ) ,  p e r i o d i c i t y  i n  
t h e  o u t p u t  of t h e  o x i m e t e r  has  b e e n  o b s e r v e d .  The s p e c t r a l  work 
( s e e  s e c t i o n  5 . 5 )  shows t h a t  o s c i l l a t i o n s  a r e  p r e s e n t  a t  low 
f r e q u e n c i e s .
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2. 5 A SIMPLE MODEL OF THE .kIN VASCULATURE
Ih e  p r e v i o u s  s e c t i o n s  h a v e  d e s c r i b e d  t h e  s t r u c t u r e  of  t h e  s k i n
and b lo o d  v e s s e l s  i n  t h e  e x t r e m e t i e s ,  w i t h  s p e c i a l  r e f e r e n c e  t o
t h e  f i n g e r .  Based on  t h i s  p h y s i o l o g y ,  an e x t r e m e l y  s i m p l e ,
"lumped p a r a m e t e r "  model may be f o r m u l a t e d .  I t  s h o u l d  b e  em-
. y i s  a:, l uded  t o .
F i g u r e  2 . 6  shows a two compar tm en t  m odel .  T h i s  model would 
r e p r e s e n t  t h e  s t a t e  of  b l o o d  s u p p l y  i n  t h e  s u p e r f i c i a l  l a y e r s  of  
t h e  s k i n  ( i . e .  i n  e p i d e r m i s  and  c o r i u m ) .  The two com pa r tm e n ts  
r e p r e s e n t  a r t e r i a l  and venous  b l o o d  r e s p e c t i v e l y .  I n  o t h e r  w ords ,  
t h e  model  a s sum es  t h a t  t h e  b l o o d  i n  t h e  s k i n  can b e  c a t e g o r i s e d  
e i t h e r  as  venous  ( i . e .  low oxygen s a t u r a t i o n )  or  a r t e r i a l  b l o o d  
(h ig h  oxygen b l o o d ) .  The combined volume as  w e l l  a s  t h e  i n ­
d i v i d u a l  volumes  of  e a ch  c o m pa r tm e n t ,  a s  a f r a c t i o n  of  t h e  t o t a l  
t i s s u e  volume,  i s  v a r i a b l e .  The e x a c t  manner  i n  wh ich  b l o o d  i s  
t r a n s f e r r e d  be tw een  c om pa r tm e n ts  i s  n o t  c l e a r .  The f o l l o w i n g  two 
s e c t i o n s  s u g g e s t  t h a t  p h y s i o l o g i c a l  c o n t r o l l e r s  w i l l  a d j u s t  t h e s e  
vo lumes i n  r e s p o n s e  t o  ' a r l o u s  s t i m u l i .  T h i s  i s  s u g g e s t e d  by t h e  
v a l v e s  1-3 which  r e g u l a t e  t h e  f low  i n t o  and ou t  of  t h e  c o m p a r t ­
ments.
s b lood  i s  s h u n t e d  away from t h e  s u r f a c e  by t h e  deep  a r t e r i o -  
enous  a n a s t o m o s i s ,  so t h e  combined i n f l o w  th r o u g h  v a l v e  1 w i l l  
e c r e a s e .  Should t h e  r e q u i r e m e n t  f o r  i n c r e a s e d  a r t e r i a l  b l o o d  
n c r e a s e  (o r  a l t e r n a t i v e l y  i f  t h e  incom ing  s u p p ly  i s  d e c r e a s e d )  




F i g u r e  2 . 6  A Simple P e r i p h e r a l  Blood Flow Model
The model may be e x t e n d e d  by i n c l u d i n g  a m e t a b o l i c a l l y  a c t i v e
t i s s u e  m ass .  Gas t e n s i o n  g r a d i e n t s  be tw een  t h e  b l o o d  and t i s s u e
would e n s u r e  a t r a n s f e r  of  c a rb o n  d i o x i d e  and oxygen be tw e en  t h e
two ( see  r e f e r e n c e s  [32]  and [6 5 ] )  In  s t e a d y  s t a t e ,  t h e  p a r t i a l
g a s  p r e s s u r e s  i n  the s k i n  and venous  compartments a r e  e q u a l .
Oxygen s t o r e s  in  t h e  t i s s u e s  may a l s o  be i n c l u d e d .  As a f i r s t
a p p r o x i m a t i o n  t h e s e  f e a t u r e s  may be d i s p e n s e d  w i t h  i n  a t i s s u e  
mass such a s  the  s k i n .
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2 .6  CONTROL OF BLOOD FLOW
The c u t a n e o u s  b lo o d  f low  r e s p o n d s  t o  a number o f  s t i m u l i .  These 
m ig h t  be  l o c a l  or  c e n t r a l  r e s p o n s e s .  The most  i m p o r t a n t  o f  t h e s e  
r e s p o n s e s  i s  t h a t , due to  t h e  r e q u i r e m e n t  f o r  t h e r m a l  r e g u l a t i o n .  
O t h e r  r e s p o n s e s  a r e  a r e s u l t  of  e m o t i o n a l  s t r e s s e s ,  c h a n g e s  i n  
b l o o d  p r e s s u r e  ( b o th  l o c a l  and c e n t r a l ) , o c c l u s i o n  t o  b lo o d  f low ,  
sh o c k ,  d i a b e t e s  and Raynauds  d i s e a s e .
2 . 6 . 1  Loca l
The b lood  f low  th r o u g h  o r g a n s  and t i s s u e  i s  p a r t l y  r e g u l a t e d  by 
l o c a l  r e q u i r e m e n t s .  Amongst t h e  f a c t o r s  i n v o l v e d  a r e :
( i )  The s a t i s f a c t i o n  of  m e t a b o l i c  r e q u i r e m e n t s .  T h i s  means 
t h a t  n u t r i e n t s  ( m a in ly  oxygen)  must  be  d e l i v e r e d  and 
w a s t e  p r o d u c t s  r em oved .
( i i )  Mair t e n a n c e  of  a p p r o x i m a t e l y  c o n s t a n t  b l o o d  p r e s s u r e  in  
t h e  f a c e  o f  c h a n g in g  a r t e r i a l  and h y d r o s t a t i c  p r e s s u r e s .
( i i i ) T e m p e r a tu r e  r e g u l a t i o n ,  e s p e c i a l l y  t h e  p r o t e c t i o n  of 
t h e  l o c a l  t i s s u e s  f rom e x t r e m e s  in  t e m p e r a t u r e .  T h i s  
f a c t o r  i s  s t r o n g l y  r e l a t e d  t o  t h e  c e n t r a l  t e m p e r a t u r e  
r e g u l a t i o n .
( i v )  I n j u r y  or  wound.
The amount of  p r i o r i t y  a f f o r d e d  to  e a c h  of  t h e  above  f a c t o r s  
v a r i e s  f rom l o c a t i o n  t o  l o c a t i o n  in  t h e  body and  a l s o  a c c o r d i n g  
t o  t h e  g e n e r a l  s t a t e  o f  t h e  b o d y . For  e x a m p le ,  t h e  s a t i s f a c t i o n  
o f  n u t r i e n t  r e q u i r e m e n t s  i n  t h e  b r a i n  t a k e s  p r e c e d e n c e  o v e r  any 
of  t h e  o t h e r  f a c t o r s ,  w h i l e  i t  i s  a r e l a t i v e l y  minor  f a c t o r  i n  
t h e  p e r i p h e r a l  t i s s u e .
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There  a r e ,  a t  p r e s e n t ,  t h r e e  m ajo r  t h e o r i e s  a s  to  t h e  mechanism 
of  l o c a l  b lood  f low  r e g u l a t i o n . [44]  The m e t a b o l i c  model  h y ­
p o t h e s i s e s  t h a t  t h e  o b j e c t i v e  o f  t h e  b l o o d  f low  i s  t o  m a i n t a i n  
the  c o r r e c t  s u p p ly  of m a t e r i a l s .  I f  t h e  b lood  f l o w  i s  n o t  
s u f f i c i e n t  t o  s u p p ly  t h e  m e t a b o l i c  r e q u i r e m e n t  t h e n  t h e r e  i s  a 
l o c a l  b u i l d u p  o f  m e t a b o l i t e s . These  m e t a b o l i t e s  t h e n  a c t  as  
v a s o d i l a t o r s  ( c a u s e  t h e  b lood  v e s s e l s  t o  d i l a t e ) , t h e r e b y  a l ­
lowing an  i n c r e a s e d  f low ,  which would i n  t u r n  r e d u c e  t h e  amount  
of  m e t a b o l i t e s  p r e s e n t , i . e .  a n e g a t i v e  f e e d b a c k  s y s t e m .  Carbon  
d i o x i d e ,  a major  p r o d u c t  of  m e t a o o l i s m ,  i s  a p o t e n t  v a s o d i l a t o r .  
O the r  m e t a b o l i t e s  a l s o  have  a d i l a t o r  e f f e c t  on b lood  v e s s e l s .  An 
example of t h i s  model i s  p r o v i d e d  by t h e  phenomenon o f  " r e a c t i v e  
h y p e r a e n i a " . R e s t o r i n g  t h e  b lood  f lo w  t o  a l im b  i n  which  t h e  f l o w  
had p r e v i o u s l y  been  o c c l u d e d  r e s u l t s  i n  t h e  l imb becoming warm 
and f l u s h e d .  T h i s  i s  e x p l a i n e d  by an i n c r e a s e d  b l o o d  f low  a bove  
t h e  r e s t i n g  v a l u e  as  a r e s u l t  o f  d i l a t i o n  o f  t h e  b l o o d  v e s s e l s . 
Th i s  d i l a t i o n  i s  owing t o  t h e  a c c u m u l a t i o n  o f  m e t a b o l i t e s  d u r i n g  
the  p e r i o d  of  o c c l u s i o n .  T h i s  e x p l a n a t i o n  i s  o f t e n  r e f e r r e d  t o  a s  
"deb t  and repayment  m o d e l " .  [62] However ,  t h e  v a l i d i t y  o f  t h e  
model i s  s t i l l  q u e s t i o n a b l e .  ( s e e  s e c t i o n s  2 . 7 . 4  and 5 . 2 )
B a y l i s s  [4] showed t h a t  t h e  a r t e r i a l  w a l l  r e s p o n d s  t o  an  i n c r e a s e  
of i n t e r n a l  p r e s s u r e  by c o n t r a c t i n g .  T h i s  type  o f  r e s p o n s e  i s  
known a s  t h e  " B a y l i s s  r e s p o n s e "  and i s  found to  a g r e a t e r  o r  
l e s s e r  e x t e n t  in  most b l o o d  v e s s e l s .  The mechanism t h a t  d e t e c t s  
changes  in  t r a n s m u r a l  p r e s s u r e  h a s  n o t  been  e x p l a i n e d , a l t h o u g h  
i t  has  been s u g g e s t e d  t h a t  t h e  e n d o t h e l i u m  c e l l s  have  some 
p r e s s u r e  r e c e p t o r  p r o p e r t i e s .  " R e a c t i v e  h y p e ra e m ia "  can  a l s o  be  
e x p l a i n e d  i n  te rm s  o f  t h i s  h y p o t h e s i s  ( s e e  s e c t i o n  2 . 7 . 4 )  
R e g u l a t i o n  of t h e  v e s s e l  c a l i b r e  i n  r e s p o n s e  to  t h e  i n t e r n a l  
p r e s s u r e  would t end  to  smooth out  p u l s a t i l e  b lood f lo w  and m ig h t  
e / e n  l ea d  t o  a r e v e r s a l  i n  t h e  p h a s e  r e l a t i o n s h i p  be tw een  t h e  
volume and p r e s s u r e  p u l s a t i o n s .  To t h e  w r i t e r ' s  knowledge ,  t h e r e  
i s  no r e f e r e n c e  to t h i s  t y p e  of  e f f e c t  i n  t h e  l i t e r a t u r e .  S e c t i o n
5 .6  i n d i c a t e s  t h a t  such  a phenominon might  t a k e  p l a c e .  A p o s s i b l e  
o b j e c t i o n  to  t h e  B a y l i s s  r e s p o n s e  i s  t h a t  i t  i s  p o s i t i v e  f e e d b a c k
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ty p e  c o n t r o l .  Thus one s h o u ld  e x p e c t  t h a t  t h i s  t y p e  o f  r e g u l a t i o n  
s h o u l d  a c t  i n  c o n j u n c t i o n  w i t h  o t h e r  m echan ism s .
The t h i r d  m a jo r  t h e o r y  of  a u t o r e g u l a t i o n  i s  t h e  t i s s u e  p r e s s u r e  
h y p o t h e s i s .  Th i s  model does  n o t  r e q u i r e  an a c t i v e  r e s p o n s e  from
t h e  b lood  v e s s e l s .  B a s i c a l l y ,  t h i s  t h e o r y  r e l i e .  on an i n c r e a s e
i n  i n t r a v a s c u l a r  p r e s s u r e  c a u s i n g  an i n c r e a s e  i n  f l u i d  f i l l  r a t i o n  
th r o u g h  t h e  pe rm e ab le  c a p i l l a r y  w a l l s .  T h i s  i n  t u r n  i n c r e a s e s  t h e  
t i s s u e  p r e s s u r e  which ,  b e c a u s e  t h e  t i s s u e  i s  r e l a t i v e l y  incomp­
r e s s i b l e ,  c a u s e s  a d e c r e a s e  i n  t h e  / e s s e l  c a l i b r e .
O t h e r  t h e o r i e s  on t h e  l o c a l  r e g u l a t i o n  o f  b lo o d  f low  a r e  t h e  
l o c a l  r e f l e x  and th e  c e l l  s e p a r a t i o n  h y p o t h e s e s .  In c e r t a i n
o r g a n s  and l im b s ,  l o c a l  axon ( n e r v o u s )  r e f l e x e s  p l a y  a m a jo r  r o l e  
i n  a u t o r e g u l a t i o n .  These n e r / o u s  r e f l e x e s  must  be d i s t i n g u i s h e d  
from c e n t r a l  n e rv o u s  r e f l e x e s .
The c e l l  s e p a r a t i o n  model r e l i e s  on a change  in  v i s c o s i t y  o f  t h e  
b lo o d  in  r e s p o n s e  t o  the  s e p a r a t i o n  of  t h e  b l o o d  c e l l s .  B lood i s  
a n o n - n e w to n ia r .  f l u i d ,  made up o f  a p lasm a  and  a c e l l  s u s p e n s i o n .  
The o r i e n t a t i o n  and d e g r e e  o f  a g g r e g a t i o n  o f  t h e  c e l l s  can
g r e a t l y  i n f l u e n c e  t h e  v i s c o s i t y  o f  t h e  b l o o d .  [43]
At any one s i t e ,  t h e  r e g u l a t i o n  of  t h e  a c t u a l  b l o o d  f l o w  i s  most  
p r o b a b l y  d e t e r m i n e d  by a c o m b i n a t i o n  o f  a l l  t h e  above  f a c t o r s ,  as  
w e l l  a s  by o t h e r  c e n t r a l  r e g u l a t o r y  r e q u i r e m e n t s  ( s e e  s e c t i o n
5. 2)
2 . 6 . 2  C e n t r a l C o n t r o l
I h e  c e n t r a l  c o n t r o l  i s  g o v e rn e d  by e m o t io n ,  m e n t a l  a c t i v i t y ,  
p h y s i c a l  e x e r c i s e  and t e m p e r a t u r e  r e g u l a t i o n .  The c e n t r a l  r e f l e x  
mechanisms a r e  i n i t i a t e d  by i m p u l s e s  a l o n g  t h e  a f f e r e n t  n e r v e s ,  
which  s t i m u l a t e  t h e  r e l e v a n t  r e g u l a t i n g  c e n t r e  and by t h e  r e l e a s e  
Os hormones i n t o  t h e  b l o o d .  These  c e n t r e s  i n  t u r n  s e n d  ou t  
i n t e g r a t e d  r e s p o n s e s  t o  t h e  d i  f e r e n t  p a r t s  o f  t h e  body.  [43]  In  
c o n t r o l  of  t h e  b lood  v e s s e l s ,  t h e  a f f e r e n t  s i g n a l s  a r i s e  f rom th e
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b a r o —r e c e p t o r s  and c h e n o —r e c e p t o r s  i n  t h e  a o r t i c  a r c h  and c a r o t i d  
s i n u s ,  s t r e t c h  r e c e p t o r s  i n  t h e  l u n g ,  t h e m o - r e c e p t o r s  i n  s k i n  and 
i n t e r n a l  o r g a n s .  In  a d d i t i o n  t h e  t e m p e r a t u r e  of  t h e  c i r c u l a t i n g  
b lo o d ,  d i r e c t l y  a f f e c t s  t h e  th e r m o  r e g u l a t i n g  c e n t r e  ( s e e  s e c t i o n
2. 7 .1 )
An i m p o r t a n t  p o i n t  a b o u t  c e n t r a l  c o n t r o l  i s  t h a t  any one s t i m u l u s  
can a f f e c t  more t h a n  one s i t e .  F u r t h e r m o r e ,  a g i v e n  s t i m u l u s  may 
r e s u l t  in  c o m p l e t e l y  o p p o s i t e  e f f e c t s  i n  d i f f e r e n t  t i s s u e .  For  
example,  c o n s t r i c t i o n  of  t h e  v a s c u l a r  v e s s e l s  in  t h e  m u s c l e s  of 
t h e  fo re a rm ,  i s  o f t e n  ac com pa n ie d  by d i l a t i o n  of  t h e  c u t a n e o u s  
v e s s e l s .  [3 7] T h i s  i n d i c a t e s  an  o v e r a l l  c o n t r o l  s t r a t e g y  w h ich  
a t t e m p t s  t c  d i s t r i b u t e  r e s o u r c e s  a c c o r d i n g  to  some p r i o r i t y  
s t r u c t u r e ,  w h i l e  o p t i m i s i n g  some p e r f o r m a n c e  c r i t e r i a .
An i n c r e a s e  i n  t h e  c a l i b r e  o f  t h e  b l o o d  v e s s e l s  may be a c h i e v e d  
by e i t h e r  a c t i v e l y  d i l a t i n g  t h e  v e s s e l s  o r  r e d u c i n g  t h e  amount  by 
which they  a r e  p r e s e n t l y  b e i n g  c o n s t r i c t e d  [50 ,5 9 ]  ( i . e .  r e d u c i n g  
the  amount o*.' c o n s t r i c t o r  t o n e ) .  E x p e r im e n t s  [30, 37, 62] show t h a t  
i n c r e a s e d  b l o o d  f low i n  t h e  hand  and f i n g e r s  i s  a l m o s t  e x c ­
l u s i v e l y  a r e s u l t  of a r e d u c t i o n  i n  c o n s t r i c t o r  t o n e .  In  t h e  s k i n  
of  tha  f o r e a r m ,  bo th  c o n s t r i c t o r  and d i l a t o r  n e rv e  f i b r e s  p l a y  a 
r o l e  i n  c ha ng ing  th e  b l o o d  f l o w .  I f  t h e  d i l a t o r  n e r v e s  i n  t h e  
f o re a rm  a r e  b l o c k e d ,  t h e n  upon h e a t i n g  a s u b j e c t ,  t h e  b l o o d  f low  
w i l l  i n c r e a s e  t c  2-4ml p e r  100ml t i s s u e  p e r  min. However ,  u n d e r  
normal  c o n d i t i o n s ,  t h e  f low would i n c r e a s e  t o  a p p r o x i m a t e l y  10ml 
p e r  100ml t i s s u e  p e r  min.
I t  has  been s u g g e s t e d  [23] t h a t  s w e a t i n g  p l a y s  a m ajo r  r o l e  i n  
d i l a t o r  a c t i v i t y .  The s w e a t  g l a n d s  a r e  s t i m u l a t e d  v i a  t h e  s o m a t i c  
n e rve  f i b r e s .  Sw ea t ing  i n  t u r n  r e l e a s e s  a b r a d y k i n i n  f o r m in g  
enzyme. B r a d y k i n i n  i s  a p o w e r f u l  v a s o d i l a t o r .  T h i s  i s  an exam ple  
of the  i n t e r a c t i o n  be tw een  l o c a l  and c e n t r a l  e f f e c t s .
C e n t r a l  c o n t r o l  v i a  t h e  r e l e a s e  o f  c o n s t r i c t o r  t o n e  i n  t h e  
f i n g e r s  can v a r y  t h e  b lood  f l o w  f rom 1 ml p e r  100 ml t i s s u e  p e r  
min to  about  90ml p e r  100ml t i s s u e  p e r  min.  [7] T h i s  l a r g e  r a n g e  
of f lows i s  a c h i e v a b l e  m a i n l y  as  a r e s u l t  of  t h e  numerous
a r t e r i o v e n o u s  a n a s t o m o s e s  ( s e e  s e c t i o n  2 . 1 . 3 )  i n  t h e  f i n g e r s .  The 
c o n t r o l  of  t h i s  t o n e  i s  a lm o s t  c o m p l e t e l y  m e d i a t e d  by the  
t e m p e r a t u r e  r e g u l a t o r .  The e f f e c t  o f  t h i s  c o n t r o l l e r  i s  a p p a r e n t  
i n  the  c o m f o r t a b l e  t e m p e r a t u r e  r a n g e  ( 2 0 - 2 j °C) .  T h i s  would oe 
r e p r e s e n t e d  i n  t h e  model  ( f i g u r e  2 . 6 )  by a d j u s t i n g  t h e  t o t a l  
volume of t h e  two c om pa r tm e n ts .
The b lood  f lo w  in  t h e  f i n g e r s  i s  a f l u c t u a t i n g  q u a n t i t y . .  (28, 7] 
The a m p l i t u d e  and f r e q u e n c y  of  t h e  f l u c t u a t i o n s  d e p e n d s  on t h e  
a m b ie n t  t e m p e r a t u r e .  The g r e a t e s t  a m p l i t u d e  i s  found  i n  t h e  mid 
r a n g e  t e m p e r a t u r e .  B u r to n  (6] ha s  I d e n t i f i e d  two f r e q u e n c i e s :
(1)  A s m a l l  a m p l i t u d e  f l u c t u a t i o n  wh ich  i s  c l o s e l y  r e l a t e d  
t o  the  r e s p i r a t o r y  rhythm.
(2)  A l a r g e r  a m p l i t u d e  component  o f  p e r i o d  13 -120  s e c . Th i s  
component  i s  c h a r a c t e r i s e d  by a s t e e p  c o n s t r i c t i o n  
f o l l o w e d  by a s lo w e r  r e c o v e r y .
The re  i s  a g r a d u a l  d e c r e a s e  in  the  f r e q u e n c y  of  f l u c t u a t i o n s  as  
t h e  ambien t  t e m p e r a t u r e  i n c r e a s e s .  I t  h a s  been  shown t h a t  
f o l l o w i n g  a b r i e f  s t i m u l u s  of  t h e  s y m p a t h e t i c  n e r v e s  t o  t h e  b l o o d  
v e s s e l s  of  t h e  f r o g ,  r e l a x a t i o n  may n o t  be c o m p l e t e  f o r  two 
m i n u t e s .  The s l u g g i s h n e s s  of  t h e  r e s p o n s e  h e l p s  m a i n t a i n  c o n s t ­
r i c t o r  t o n e  be tw een  s y m p a t h e t i c  b u r s t s .  W i th  more r a p i d  b u r s t s  
( e . g .  c o ld  c o n d i t i o n s ) ,  t he  v e s s e l s  would be m a i n t a i n e d  i n  a 
c o n s t r i c t e d  s t a t e ,  h ence  th e  a m p l i t u d e  o f  f l u c t u a t i o n s  would  be 
l e s s , and t h e  f r e q u e n c y  h i g h e r .
In  sum >.y, c e n t r a l  c o n t r o l  i s  m e d i a t e d  by c e n t r a l  r e g u l a t i n g  
s y s t e m s ,  which  r e c e i v e  and i n t e g r a t e  s i g n a l s  f rom a l l  p a r t s  of  
t h e  b o d y . The p e r i p h e r a l  b lood  v e s s e l s  a r e  t h e n  c o n t r o l l e d  e i t h e r  
d i r e c t l v  o r  i n d i r e c t l y  by s i g n a l s  p a s s e d  a l o n g  t h e  s y m p a t h e t i c  
n e r v e  f i b r e s ,  which can  r luse  c o n t r a c t i o n  i n  some t i s s u e ,  w h i l e  
a t  t h e  same t im e  d i l a t i n g  o t h e r s . Changes  i n  t h e  c a l i b r e  of  t h e  
v e s s e l s  can t a k e  p l a c e  e i t h e r  a s  a r e s u l t  o f  t h e  r e d u c t i o n  i n  t h e
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amount of r e s t i n g  ( b a s a l )  c o n s t r i c t o r  t o n e ,  o r  by a c t i v e l y  
c a u s i n g  d i l a t i o n .  In t h e  hand  and f i n g e r s ,  c hanges  a r e  m a i n ly  a 
r e s u l t  of r e l e a s e  o f  c o n s t r i c t o r  t o n e .
The mam o b j e c t i v e  o f  t h e  c e n t r a l  c o n t r o l  i s  t o  e n s u r e  t h a t  
s u f f i c i e n t  n u t r i e n t s  a r e  s u p p l i e d  and w a s t e  removed from a l l  
s i r e s  so as  t o  p r o v i d e  a " c o m f o r t a b l e  e n v i r o m e n t "  f o r  l i f e  o f  t h e  
whole body.  The d e f i n i t i o n  o f  a " c o m f o r t a b l e  e n v i r o m e n t "  would 
d i f f e r  from l o c a t i o n  t o  l o c a t i o n  a s  i n d i c a t e d  a bove .  At a l o c a l  
l e / e l ,  ( e . g .  i n  the  h a n d ) ,  l o c a l  c o n t r o l s  a t t e m p t  to  o p t i m i s e  the  
r e s o u r c e s  a l l o c a t e d  to  i t  by t h e  c e n t r a l  c o n t r o l .  The p o s s i b i l i t y  
t h e n  a r i s e s  o f  an i n t e r a c t i o n  be tw een  t h e  l o c a l  and c e n t r a l  
c o n t r o l s  d u r in g  c r i s i s  s i t u a t i o n s ,  when t h e  l o c a l  c o n t r o l l e r  
c a n n o t  manage w i th  i t s  c u r r e n t l y  a v a i l a b l e  r e s o u r c e s .  The manner 
in  which such a c o n t e n t i o n  i s  r e s o l v e d  must  be i n v e s t i g a t e d .  A 
m easu re  of  how c l o s e  l o c a l  and c e n t r a l  a r e  f rom i n s t a b i l i t i e s  
( i . e .  c r i s i s  s i t u a t i o n s )  would be c l i n i c a l l y  v e ry  v a l u a b l e .
h J .  t h e  EFFECT OF VARIOUS STIMULI ON THE BLOOD FLOW
ihe  c a r d i o v a s c u l a r  s y s te m  r e s p o n d s  t o  many s t i m u l i  so a s  t o  
r e t a i n  a g e n e r a l  l e v e l  o f  h o m o s t a s i s .  Some o f  the  s t i m u l i  a r i s e  
in  normal  everyday  a c t i v i t y  suc h  a s  p o s t u r a l  changes  and c h a n g e s  
in e n v i r o n m e n t a l  c o n d i t i o n s .  O t h e r  r e s p o n s e s  may be c a u se d  by 
pa th o ]  g i c a l  c o n d i t i o n s ,  such  a s  f e v e r ,  h y p e r t e n s i o n  e t c .  Exami­
ning  t h e  r e s p o n s e  of  a s u b j e c t  t o  v a r i o u s  s t i m u l i  migh t  p r o v i d e  
i n f o r m a t i o n  of  c l i n i c a l  i m p o r t a n c e  ( s e e  s e c t i o n  2 . 1 0  and 3 . 5 . 2 )
—  Response t o  changes  i n  t e m p e r a t u r e
The s k i n  p r o v i d e s  a c o m p a r a t i v e l y  l a r g e  s u r f a c e  a r e a  co t h e  
e n v i ronm en t  and hence  i s  c a p a b l e  of  l a r g e  amounts  of  h e a t  
d i s s i p a t i o n .  The s k i n  d i s s i p a t e s  h e a t  by r a d i a t i o n ,  c o n v e c t i o n  
and e v a p o r a t i o n .  C onduc t ion  t h r o u g h  t h e  s k i n  i s  no t  a s i g n i f i c a n t  
f a c t o r  a s  the  f a t t y  l a y e r s  p r o v i d e  an i n s u l a t i n g  f u n c t i o n .  Under
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normal  c o n d i t i o n s  a p p r o x i m a t e l y  60% [35]  of  t h e  body h e a t  l o s s  i s  
v i a  I n f r a - r e d  r a d i a t i o n .  C o n v e c t i o n  l o s s e s  a r e  e n h a n c e d  when th e  
e n v i r o n m e n t  a l l o w s  c i r c u l a t i n g  a i r  c u r r e n t s  c l o s e  t o  t h e  s k i n .  
Hea t  l o s s  v i a  e v a p o r a t i o n  i s  f a c i l i t a t e d  by t h e  s w e a t  g l a n d s .  
[11]  The d i l a t i o n  and c o n s t r i c t i o n  o f  t h e  c u t a n e o u s  b l o o d  v e s s e l s  
i s  c l o s e l y  l i n k e d  t o  t h e  o p e r a t i o n  o f  t h e  sw e a t  g l a n d s .  The 
t e m p e r a t u r e  of  t h e  s k i n  d e p e n d s  p a r t l y  on t h e  r a t e  o f  b l o o d  f low  
t h r o u g h  i t .  [3] When t h e  b l o o d  f l o w  t o  t h e  f i n g e r s  i s  a r r e s t e d ,  
t h e  f i n g e r s  c o o l  u n t i l  t h e i r  t e m p e r a t u r e  s e t t l e s  n e a r  t o  t h a t  of  
t h e  s u r r o u n d i n g  a i r .  However a t  maximum b l o o d  f l o w ,  t h e  t em ­
p e r a t u r e  o f  t h e  f i n g e r s  may come w i t h i n  1°C o f  t h e  c o r e  
t e m p e i a i u r e  ( a p p r o x i m a t e l y  3 6 ° C ) . Between  t h e s e  two e x t r e m e s  t h e  
r e l a t i o n s h i p  b e tw e en  b lo o d  f low  an d  t e m p e r a t u r e  i s  non l i n e a r .  
[28]  H ea t  i s  m a in ly  g e n e r a t e d  w i t h i n  t h e  body (At r e s t  t h e  b r a i n  
produ&es 202,  i n t e r n a l  o r g a n s  ( v i s c e r a )  532 ,  s k i n  and  m u s c l e  272. 
Under  c o n d i t i o n s  of e x e r c i s e  t h e  m u s c l e s  may p r o v i d e  752 o f  t h e  
t o t a l  h e a t )  [73]
T h e r e f o r e ,  t h e  p h y s i c a l  r e g u l a t i o n  o f  o v e r a l l  body t e m p e r a t u r e  
depends  l a r g e l y  on t h e  p e r i p h e r a l  c i r c u l a t i o n .  The t e m p e r a t u r e  
r e g u l a t i n g  c e n t r e  i s  u n d e r  t h e  i n f l u e n c e  o f  d i f f e r e n t  a f f e r e n t  
s t i m u l i .  The r e l a t i o n s h i p s  b e t w e e n  t h e  v a r i o u s  s t i m u l i  i s  no t  
f u l l y  u n d e r s t o o d .  The s e t t i n g  of  t h e  p e r i p h e r a l  c i r c u l a t i o n  i s  
made by a m o d i f i c a t i o n  of  t h e  u n d e r l y i n g  s y m p a t h e t i c  t o n e ,  w h ich  
i t s e l f  i s  c o m p l i c a t e d  by l o c a l  e f f e c t s  ( s e e  s e c t i o n  2 . 6 . 1 ) .  
P e r i p h e r a l  b l o o d  f lo w  t o  s e r v e  t h e  n e e d s  o f  h e a t  e l i m i n a t i o n  r. s t  
p r o c e e d  s i m u l t a n e o u s l y  w i t h  o t h e r  r e q u i r e m e n t s  s u c h  a s  t h e  l o c a l  
m e t a b o l i c  and h o m o s t a s i s  o f  b l o o d  p r e s s u r e .  The b l o o d  f l o w  i n  the  
f i n g e r s  p r o v i d e s  an i n d i c a t i o n  of  t h e  f a c t o r s  i n v o l v e d  i n  tem­
p e r a t u r e  r e g u l a t i o n  b e c a u s e :  [7]
( i )  They a r e  r i c h l y  s u p p l i e d  w i t h  a r t e r i o v e n o u s  a n a s t o m o s i s  
(which  can  s h u n t  r e l a t i v e l y  l a r g e  q u a n t i t i e s  of  b l o o d ) .
( 1 1 ) They a r e  r e l a t i v e l y  f r e e  f rom  m u s c u l a r  t i s s u e  w h i c h  
o f t e n  e x p e r i e n c e  d i f f e r e n t  v a s c u l a r  c h a n g e s  t o  t h o s e  
found  in  t h e  s k i n .
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The body r e s p o n d s  i n  b o t h  a l o c a l  and c e n t r a l  manner to  
t e m p e r a t u r e .
(a)  Loca l  Response
Changes  i n  l o c a l  p e r i p h e r a l  t i s s u e  r e s u l t s  i n  a p r e d o m i n a n t l y  
l o c a l  e f f e c t .  [28] The e f f e c t  on t h e  r e s t  o f  t h e  body i s  s l i g h t .  
The o b j e c t  o f  the  l o c a l  c o n t r o l  i s  t o  p r o v i d e  opt imum c o n d i t i o n s  
f o r  l i f e .  This  I s  a c h i e v e d  by a t t e m p t i n g  t o  m a i n t a i n  c o r r e c t  
n u t r i t i o n a l  f low and to  p r o t e c t  a g a i n s t  d e l e t e r i o u s  e f f e c t s . I t  
s h o u l d  be borne  in  mind t h a t  l o c a l  r e s p o n s e s  ( e s p e c i a l l y  i n  the  
p e r i p h e r a l  t i s s u e )  a r e  a f f e c t e d  by t h e  e n v i r o n m e n t a l  c o n d i t i o n s .
The b lo o d  f low  th rough  the  hand i s  l o w e s t  a t  a b o u t  15°C [28]
Changing  t h e  t e m p e r a t u r e  f rom 1 5°C r e s u l t s  i n  a modest  i n c r e a s e  
i n  f l o w .  Above 2 9 °C to  body t e m p e r a t u r e  ( a p p r o x i m a t e l y  3 6 °C), 
t h e r e  i s  a f a s t e r  i n c r e a s e . R a i s i n g  t h e  l o c a l  t e m p e r a t u r e  above 
body t e m p e r a t u r e  u n t i l  the  maximum t e m p e r a t u r e ,  t h a t  t h e  body can 
be s u b j e c t e d  to  w i t h o u t  f e e l i n g  p a i n ,  ( a b o u t  45°C) r e s u l t s  i n  an 
e>/en l a r g e r  i n c r e a s e  i n  f low .  Above body t e m p e r a t u r e  t h e  h i g h  
b lood  f low i s  r e q u i r e d  to  p r o t e c t  a g a i n s t  p o s s i b l e  t h e r m a l  damage 
to  t i s s u e  be low the  s u r f a c e .  (At t h e s e  h i g h  t e m p e r a t u r e s , t h e  
b lood  f low c a nno t  be a r r e s t e d  w i t h o u t  t h e  o c c u r e n c e  of  p a i n . )  The 
h i g h  l o c a l  b l o o d  f low i s  m a i n t a i n e d  f o r  a b o u t  2 h o u r s  a f t e r  
immers ion  of  t h e  l imb in  w a t e r  a t  4 1 °C. [28] T h i s  l o c a l  r e s p o n s e  
to  h e a t i n g  i s  thou g h t  to  be a d i r e c t  r e s p o n s e  o f  t h e  v e s s e l s ,  but  
a l s o  i n v o l v i n g  l o c a l  n e rv o u s  p a t h w a y s .
The r e a c t i o n  to  c o ld  was f i r s t  i n v e s t i g a t e d  by Lewis .  [48]  The 
r e s p o n s e  t o  c o l d  i s  immediate  and d r a m a t i c .  A f t e r  immers ing  th e  
f i n g e r s  in  w a te r  a t  O0C-6°C, [48 ,  ? 9 , 3 1 ,6 2 ]  t h e r e  i s  an i n i t i a l ,  
r a p i d  v a s o c o n s t r i c t i o n  which l a s t s  f o r  5 - 1 0  m i n u t e s .  F o l lo w in g  
t h i s  i n i t i a l  c o n s t r i c t i o n ,  t h e  v e s s e l s  b e g i n  t o  d i l a t e .  Lewis 
c a l l e d  t h i s  r e a c t i o n  "Cold V a s o d i l a t i o n " .  T h e r e a f t e r  t h e r e  i s  an 
i r r e g u l a r  p a t t e r n  of  v a s o c o n s t r i c t i o n s  and v a s o d i l a t i o n s .  The
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p e r i o d  be tw een  c o n s t r i c t i o n s  i s  abou t  20 -25 m i n u t e s . T h i s  o s c i l ­
l a t o r y  b e h a v i o u r  i s  t e rm ed  the  " H u n t in g  R e a c t i o n " .
Measurement  of  f low  r a t e s  i s  d i f f i c u l t ,  b u t  i t  i s  s u g g e s t e d  t h a t
d u r in g  the  v a s o c o n s t r i c t i o n  t h e r e  i s  c o m p l e te  c e s s a t i o n  of  b l o o d  
f low owing to  t h e  c o - o r d i n a t e d  a c t i v i t y  o f  a l l  t h e  a r t e r i o v e n o u s  
a n a s t o m o s i s . Peak p a i n  ■ i s  e x p e r i e n c e d  d u r i n g  t h e  p e r i o d s  of
v a s o c o n s t r i c t i o n .  [ 4 3 ,3 1 ]
D ur ing  t h e  p e r i o d s  of  v a s o d i l a t i o n ,  t h e  p a i n  s e n s a t i o n  s u b s i d e s  
and th e  b lood  f lo w  r e a c h e s  o r d e r s  of  m ag n i tu d e  c o m p a r a b l e  t o
maximal f low s  th r o u g h  th e  v a s c u l a t i v e .  [62]  A g a in ,  i t  s h o u l d  be
r e c a l l e d  t h a t  t h e  g e n e r a l  t h e r m a l  s t a t e  of  t h e  body w i l l  a f f e c t
the  r e s p o n s e .  The c o l d  v a s o d i l a t i o n  i s  r ed u c e d  when t h e  body i s  
c o ld  and i s  enhanced  “ h e n  h o t .
The f a c t o r s  i n v o l v e d  i n  t h e  r e d u c t i o n  of  b lo o d  f low  a r e :
( ! )  L oc a l  r e f l e x  a c t i o n  o f  v a s o c o n s t r i c t o r  f i b r e s .
(11)  D i r e c t  c o n s t r i c t i o n  o f  smooth m u sc l e  s u r r o u n d i n g  the  
b lo o d  v e s s e l s .
( i i i )  Change in  v i s c o s i t y  ( c h a n g in g  t h e  t e m p e r a t u r e  of  
b l o o d  from 20°C to  4, 7°C i n c r e a s e s  t h e  v i s c o s i t y  
by 50%. [62]
( i v) Local  change  i n  m e t a b o l i s m .
The rea s o n  f o r  the  c o ld  v a s o d i l a t i o n  i s  not  known. One t h e o r y ,
h y p o t h e s i z e s  t h a t  f o l l o w i n g  v a s o c o n s t r i c t i o n ,  th e  l o c a l  tem­
p e r a t u r e  d ro p s  u n t i l  a t e m p e r a t u r e  i s  r e a c h e d  a t  which th e  smooth 
v a s c u l a r  m u s c l e s  can no l o n g e r  c o n s t r i c t • They t h e r e f o r e  r e l a x ,  
t h e  b lood  f low  i n c r e a s e s , l o c a l  t e m p e r a t u r e  r i s e s  and c o n s t r i c ­
t i o n  can once  a g a i n  t a k e  p l a c e .  A no the r  theory  s u r m is e s  t h a t  the  
o s c i l l a t o r y  b e h a v i o u r  in  t h e  r e s u l t  of o s c i l l a t o r y  s y m p a th e t ic  
a c t i v i t y .  [70j
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The e f f e c t s  of  s e v e r e  and/or  pro longed  e x posure  to c o ld ,  can 
c a u se  weeks of  hype raem ia  ( enhanced blood f l o w ) .  [28] In extreme  
c a s e s ,  t h e  v e s s e l s  may become b locked  ( f r o s t b i t e )  and gangrene  
w i l l  s e t  i n .
(b)  C e n t r a l  Response
The l o c a l  r e s p o n s e  t o  changes i n  temperatu re  can be l a r g e l y  
overcome by "body h e a t i n g " .  T h i s  i s  u s u a l l y  a c h ie v e d  by o b s e r v in g  
t h e  c hanges  in  f low  of the  hand and f o r e a r m  a f t e r  immers ing  t h e  
l e g s  and t ru n k  i n  a b a t h  of w a t e r  whose t e m p e r a t u r e  can be 
a d j u s t e d .
The re  a r e  two mechanisms whereby t h e  o v e r a l l  body t e m p e r a t u r e  i s  
r e g u l a t e d  by a d j u s t i n g  the  h e a t  l o s s  f rom t h e  p e r i p h e r y .  [58]  The 
f i r s t  mechanism i s  a r e f l e x  axon e f f e c t  w h ic h  i s  s t i m u l a t e d  from 
t h e  t h e r m o r e c e p t o r s . f hese  gove rn  t:  .? i n i t i a l  r e s p o n s e  vhen  t h e r e  
i s  a sudden  change  i n  body t e m p e r a t u r e .
The second  mechanism i s  a s lo w e r  a c t i n g  component ,  i n  which the  
c e n t r a l  t e m p e r a t u r e  r e c e p t o r  c e n t r e  r e a c t s  t o  changes  i n  tem­
p e r a t u r e  of  t h e  r e t u r n i n g  mixed venous b l o o d . A s i d e  e f f e c t  i s  
t h a t  c h a n g e s  i n  t e m p e r a t u r e  a r e  d i s t r i b u t e d  t o  a l l  t i s s u e s  a s  the  
a r t e r i a l  b lood  t r a v e r s e s  t h e  s y s t e m i c  c a p i l l a r i e s .
A s t i m u l u s  of  c o ld  g i v e s  r i s e  t o  =n im m e d ia te ,  c u t a n e o u s  
v a s o c o n s t r i c t i o n  which p a s s e s  o f f .  Should t h e  s t i m u l u s  p e r s i s t  
t h e n  t h e  c e n t r a l  mechanitm i s  a c t i v a t e d  by t h e  c o o l  r e t u r n i n g  
b l o o d .  T h i s  i s  t h e n  the  d e f e n c e  mechanism f o r  p r o l o n g e d  e f f e c t s  
of  c o ld  (and e x c e s s i v e  h e a t ) .  P i c k e t i n g  [58] shows t h a t  t h e r e  i s  
a change  i n  p e r i p h e r a l  v a s c u l a t u r e  when t h e  r e c . a l  ( i . e .  c o r e ) 
t e m p e r a t u r e  changes  by 0, 025°C to  0, 05 C
Body h e a t  i s  f u r t h e r  c o n s e r v e d  as a r e s u l t  o f  t h e  e f f i c i e n t  h e a t  
exchange  a r rangem en t  be tw een  a r t e r i e s  and  v e i n s  i n  t h e  d e e p e r  
l a y e r s  of  the  s k i n ,  ( s e e  s e c t i o n  2 . 4 ) .  By s h u n t i n g  more b lood
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t h ro u g h  t h e  d e e p e r  a n a s t o m o s i s ,  more h e a t  i s  r e t u r n e d  t o  t h e  body 
c o r e .  (The t e m p e r a t u r e  of  t h e  b lood  a t  t h e  s k i n  may be 30°C be low  
t h a t  of t h e  c o r e ) .  I h e  t r u n k  and head  have poo r  d e f e n c e s  a g a i n s t  
h e a t  l o s s ,  and  t h e r e f o r e  a r e  d e p e n d a n t  on c l o t h i n g  and i n ­
s u l a t i o n .  (The h e a t  l o s s  f rom t h e  u n c o v e re d  head may a c c o u n t  f o r  
h a l f  the  r e s t i n g  h e a t  p r o d u c t i o n  when t h e  a m b ie n t  t e m p e r a t u r e  i s  
below f r e e z i n g  p o i n t .  [ 2 4 ] )
H e a t in g  t h e  body r e s u l t s  i n  an i n c r e a s e d  f l o w  in  t h e  p e r i p h e r a l  
t i s s u e .  In  the  hand v a s o d i l a t i o n  t a k e s  p l a c e  by r e d u c i n g  t h e  
amount of  c o n s t r i c t o r  t o n e ,  w h i l e  i n  t h e  f o r e a r m  i t  i s  t h e  r e s u l t  
o f  bo th  a r e d u c t i o n  i n  c o n s t r i c t o r  t o n e  and a c t i v e  d i l a t i o n ,  
( s e c t i o n  2 . 6 . 2 )  The b lood  f low  i n c r e a s e s  f i r s t  in  t h e  ha nd ,  and 
a t  h i g h e r  t e m p e r a t u r e s  i n  t h e  f o r e a r m .  High b l o o d  f lo w s  i n  t h e  
fo re a rm  a r e  u s u a l l y  c o i n c i d e n t  w i th  t h e  o n s e t  o f  s w e a t i n g .  [62]
In summary, t h e  r e g u l a t i o n  of  body t e m p e r a t u r e  i s  a complex 
i n t e r a c t i o n  be tween  l o c a l  and c e n t r a l  r e s p o n s e s .  These  r e s p o n s e s  
can  e i t h e r  work i n  t h e  same d i r e c t i o n  o r  oppose  each  o t h e r .  Both 
mechanisms working  t o g e t h e r  r e s u l t  i n  a h i g h e r  b lood  f l o w  t h a n  
cou ld  be o b t a i n e d  by e i t h e r  p r o c e d u r e  . a c t i n g  a l o n e .  T h i s  e i t h e r  
means t h a t  n e i t h e r  mechanism can r e a l i z e -  f u l l  d i l a t i o n / c o n t r a c ­
t i o n ,  o r  t h a t  t h e  two mechanisms a c t  on d i f f e r e n t  v e s s e l s .  [62]  
At e x t r e m e s  of t e m p e r a t u r e ,  t h e  t e m p e r a t u r e  c o n t r o l l e r  t a k e s  
p r e c e d e n c e  over  o t h e r  f u n c t i o n s .  F a i n t i n g ,  w h i l e  s t a n d i n g  i n  t h e  
sun i s  an example of  s t i m u l i  f rom t h e  b a r o -  and chemo—r e c e p t o r s  
b e in g  l a r g e l y  o v e r r i d d e n .
The c o m p l e x i t y  of  t h e  t e m p e r a t u r e  c o n t r o l l e r  i s  summed up by 
B ur ton  [7] The a c c u r a t e  a d j u s t m e n t  of  t h e  a v e r a g e  v a l u e  o f  so  
f l u c t u a t i n g  a f low  in  t h e  p e r i p h e r a l  v e s s e l s  to  a l e v e l ,  which  
e n s u r e s  t h e  measure o f  c o n s t a n c y  of  body t e m p e r a t u r e  a c h i e v e d  b> 
t h e  homotherm, i s  one of  t h e  most h i g h l y  d e v e lo p e d  i n t e g r a t e d  
mechanisms of  the  n e r v o u s  s y s t e m . "
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2_. 7. 2 Emo t i o n a l  R esponse [2 8]_
The c i r c u l a t i o n  i n  t h e  p e r i p h e r y  i s  p a r t i c u l a r l y  s e n s i t i v e  to  
e m o t i o n a l  s t i m u l i  i n  t h e  m idd le  r a n g e  of  f l o w s .  An e m o t i o n a l  
s t i m u l u s  s u c h  a s  p a i n ,  a p p r e h e n s i o n ,  u n e a s i n e s s  o r  m e n t a l  a r i t h ­
m e t i c  [ 1 , 2 ]  c a u s e s  a t r a n s i e n t  v a s o c o n s t r i c t i o n .  P r o l o n g e d  emo­
t i o n a l  s t r e s s  w i l l  c a u s e  an  i n c r e a s e  i n  f lo w .  E m o t io n a l  s w e a t i n g ,  
e s p e c i a l l y  on th e  pa lm s ,  a c c o m p a n ie s  t h e  i n c r e a s e d  f l o w .
A p ro b le m  a r i s e s  when a t t e m p t i n g  t o  j u d g e  t h e  e f f e c t  o f  d r u g s  on 
t h e  v a s c u l a r  s y s t e m .  The p a i n  i n t r o d u c e d  w h i l e  a d m i n i s t e r i n g  w i l l  
c a u s e  a v a s o c o n s t r i c t i o n .  Even a n t i c i p a t i o n  of  che p a i n  can  c a u s e  
a change  i n  t h e  v a s c u l a t u r e .
The e f f e c t s  of  e m o t i o n a l  s t i m u l i  a r e  on ly  a p p a r e n t  when t h e  more 
p o w e r f u l  c o n t r o l l e r s  ( e . g .  t e m p e r a t u t c )  a r e  n o t  c h a n g i n g .
2 . 7 . 3  R e sp onse  t o  a deep  i n s p i r a t i o n
F o l l o w i n g  a deep i n s p i r a t i o n  t h e r e  i s  a t r a n s i e n t  d e c r e a s e  i n  
b lood  f l o w .  [ 5 , 2 8 , 5 3 ]  The r e s p o n s e  i s  a n e u r a l  e f f e c t  s i n c e  i t  i s  
l o s t  a f t e r  a n e r v e  b l o c k .  The r e s p o n s e  i s  i n d e p e n d a n t  o f  t h e  
c o m p o s i t i o n  of  t h e  i n h a l e d  g a s . A l l  t h e  e v i d e n c e  p o i n t s  t o  t h e  
o r i g i n  o f  t h e  s t i m u l u s  b e i n g  s t r e t c h  r e c e p t o r s  i n  t h e  c h e s t ,  
s i n c e  i f  t h e  volume of t h e  c h e s t  i s  c o n s t r a i n e d  (by f o r  exam p le ,  
s t r a p s ) ,  t h e  e f f e c t  i s  r e d u c e d .  The p r e c i s e  f u n c t i o n a l  i m p o r t a n c e  
of  t h i s  type  of  r e s p o n s e  i s ,  a t  p r e s e n t ,  n o t  c l e a r . B r e a t h - h o l d i n g  
experiments (section  5.3) using the oximeter exh ib it th is  phenomen­
on.
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l i l r A i sponse  to  a r t e r i a l  o c c l u s i o n  ( R e a c t i v e  H v p e r a e m ia ) .
The c i r c u l T f o r  t h ro u g h  t h e  s k i n  i s  o f t e n  a r r e s t e d  by l o c a l  
p r e s s u r e , f o r  exai. .ple,  i n  t h e  hand when h o l d i n g  a he a v y  o b j e c t *  
A r r e s t i n g  the  a r t e r i a l  b lo o d  s u p p l y  t o  a l im b  w i l l  o b v i o u s l y  
r e s u l t  i n  hypoxia  (Reduced amount  of  oxygen a v a i l a b l e ) .  The 
r e s p o n s e  t o  t h i s  t y p e  of  s t i m u l u s  i s  a r e f l e x  d i l a t i o n  i n  t h e  
s k i n ,  w i t h  a s i m u l t a n e o u s  c o n s t r i c t i o n  on th e  m u s c l e .  T h i s  
manoeuvre w i l l  d i r e c t  b l o o d  away from t h e  h i g h e r  m e t a b o l i c  m u sc l e  
t i s s u e ,  t o  the  low oxygen c onsum ing ,  c u t a n e o u s  c i r c u l a t i o n  
w i t h o u t  a s i g n i f i c a n t  change  i n  a r t e r i a l  p r e s s u r e .
The s k i n  i s  b e t t e r  a b l e  t h a n  most  o t h e r  t i s s u e s  t o  w i t h s t a n d  an 
a r r e s t  of  i t s  b l o o d  f l o w .  F r e q u e n t l y ,  when t h e  b lo o d  f l o w  i s  
r e s t o r e d ,  t h e  f low i s  h i g h e r  t h a n  t h e  r e s t i n g  l e v e l .  T h i s  
i n c r e a s e d  f low i s  te rmed  " r e a c t i v e  h y p e r a e m i a " . The t h e o r y  of  
" d e b t  and repaym ent"  h y p o t h e s i s e s  t h a t  t h e  amount  of  e x t r a  b l o o d  
f lo w in g  d u r i n g  t h i s  p e r i o d  i s  e q u a l  t o  t h e  q u a n t i t y  t h a t  would 
h a e  . lowed th rough  t h e  t i s s u e  had t h e  f l o w  n o t  been a r r e s t e d . 
However, t h i s  i s  f r e q u e n t l y  no t  t h e  c a s e  [2 8 ,6 2 ]  s i n c e  (a)  t h e  
r e s t i n g  s k i n  f low i s  u s u a l l y  i n  e x c e s s  of  t h e  m e t a b o l i c  r e q u i r e ­
ments  and (b) the  t i s s u e s  a r e  a b l e  t o  e x t r a c t  a g r e a t e r  amount  of  
oxygen from the  lood  d u r i n g  t h e  p e r i o d  f o l l o w i n g  r e s t o r a t i o n  of  
t h e  c i r c u l a t i o n .
R e a c t i v e  Hyperaemia o c c u r s  a f t e r  d e n e r v a t i o n  and t h u s  must  b e  a 
l o c a l  e f f e c t .  - h e re  a r e  two p o s s i b l e  mechanisms whereby  t h e  
v e s s e l s  may be d i l a t e d . Dur ing  t h e  p e r i o d  of  z e r o  b l o o d  f lo w ,  
m e t a b o l i t e s  a c c u m u la t e  w h ich  c a u s e  v a s o d i l a t i o n .  An o b j e c t i o n  to  
t h i s  e x p l a n a t i o n  i s  t h a t  t h e  peak v a l u e s  o f  r e a c t i v e  h y p e r a e m i a  
a r e  no t  g r e a t l y  i n c r e a s e d  by p r o l o n g i n g  t h e  p e r i o d  of  a r r e s t , n o r  
i s  t h e  p e r i o d  of  r e a c t i v e  h y p e ra e m ia  i n f i n i t e l y  e x t e n d a b l e .
The second  p o s s i b l e  e x p l a n a t i o n  i s  t h a t  d u r i n g  t h e  p e r i o d  o f  
a r r e s t ,  t h e  blood p r e s s u r e  d r o p s  and so v a s c u l a r  t o n e  d e c r e a s e s  
( B a y l i s s  r e s p o n s e ,  s e e  s e c t i o n  2 . 6 ) .  C o n t i n u a t i o n  o f  t h i s  d e c -
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2 . 7 . 4  Response t o  a r t e r i a l  o c c l u s i o n  ( R e a c t i v e  H y p e r a e m ia ) .
The c i r c u l a t i o n  t h ro u g h  t h e  s k i n  i s  o f t e n  a r r e s t e d  by l o c a l  
p r e s s u r e ,  f o r  example ,  i n  t h e  hand when h o l d i n g  a heavy  o b j e c t .  
A r r e s t i n g  th e  a r t e r i a l  b l o o d  s u p p l y  t o  a l im b  w i l l  o b v i o u s l y  
r e s u l t  i n  hypoxia  (Reduced  amount  of  oxygen  a v a i l a b l e ) .  The 
r e s p o n s e  t o  t h i s  type  of  s t i m u l u s  i s  a r e f l e x  d i l a t i o n  i n  t h e  
s k i n ,  w i t h  a s i m u l t a n e o u s  c o n s t r i c t i o n  on t h e  m u s c l e . T h i s  
manoeuvre  w i l l  d i r e c t  b l o o d  away from t h e  h : .g her  m e t a b o l i c  m usc le  
t i s s u e ,  t o  the  low oxygen  consum ing ,  c u t a n e o u s  c i r c u l a t i o n  
w i t h o u t  a s i g n i f i c a n t  change  i n  a r t e r i a l  p r e s s u r e .
The s k i n  i s  b e t t e r  a b l e  t h a n  most  o t h e r  t i s s u e s  t o  w i t h s t a n d  an 
a r r e s t  of  i t s  b lo o d  f l o w .  F r e q u e n t l y ,  when t h e  b lo o d  f l o w  i s  
r e s t o r e d ,  t h e  f low i s  h i g h e r  t h a n  t h e  r e s t i n g  l e v e l .  T h i s  
i n c r e a s e d  f low i s  te rmed  " r e a c t i v e  h y p e r a e m i a " . The t h e o r y  of 
" d e b t  and repayment"  h y p o t h e s i s e s  t h a t  t h e  amount  of  e x t r a  b l o o d  
f l o w i n g  d u r i n g  t h i s  p e r i o d  i s  e q u a l  t o  t h e  q u a n t i t y  t h a t  would 
have  f lowed  th rough  t h e  t i s s u e  had t h e  f lo w  n o t  been  a r r e s t e d . 
However,  t h i s  i s  f r e q u e n t l y  no t  t h e  c a s e  128 ,62]  s i n c e  (a )  t h e  
r e s t i n g  s k i n  f low i s  u s u a l l y  i n  e x c e s s  of  t h e  m e t a b o l i c  r e q u i r e ­
ments  and (b) the  t i s s u e s  a r e  a b l e  t o  e x t r a c t  a g r e a t e r  amount  of  
oxygen from the  b lood d u r i n g  t h e  p e r i o d  f o l l o w i n g  r e s t o r a t i o n  of  
t h e  c i r c u l a t i o n .
R e a c t i v e  Hyperaemia o c c u r s  a f t e r  d e n e r v a t i o n  and t h u s  mus t  be a 
l o c a l  e f f e c t .  There a r  two p o s s i b l e  mechanisms whereby  t h e  
v e s s e l s  may be d i l a t e d .  D ur ing  t h e  p e . i o d  o f  z e r o  b l o o d  f l o w ,  
m e t a b o l i t e s  a c c u m u la t e  which  c a u s e  v a s o d i l a t i o n .  An o b j e c t i o n  to  
t h i s  e x p l a n a t i o n  i s  t h a t  t h e  peak v a l u e s  of  r e a c t i v e  h y p e r a e m i a  
a r e  no t  g r e a t l y  i n c r e a s e d  by p r o l o n g i n g  th e  p e r i o d  of  a r r e s t , n o r  
i s  t h e  p e r i o d  j f  x e n c t i v e  h y p e ra e m ia  i n f i n i t e l y  e x t e n d a b l e .
The second  p o s s i b l e  e x p l a n a t i o n  i s  t h a t  d u r i n g  t h e  p e r i o d  of  
a r r e s t ,  t h e  b lo^d  p r e s s u r e  d rops  and so v a s c u l a r  t o n e  d e c r e a s e s  
( B a y l i s s  r e s p o n s e ,  s e e  s e c t i o n  2 . 6 ) .  C o n t i n u a t i o n  of  t h i s  d e c -
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r e a s e d  t o n e  i s  r e s p o n s i b l e  f o r  the  h y p e r a e m i a .  T h e re  i s  e v i d e n c e  
s u p p o r t i n g  b o t h  t h e o r i e s  [62] and so t h e  r e s p o n s e  i s  most
p r o b a b l y  a r e s u l t  o f  a c o m b i n a t i o n  of  t h e  two.
>nse t o  c h a n g e s  i n  t 
V e s s e l  w a l l  t e n s i o n  h a s  t h i e e  component s :
( I )  E l a s t i c  t e n s i o n  m a i n l y  from e l a s t i c  f i b r e s  which m a i n t a i n  
w a l l  t e n s i o n  w i t h o u t  any e n e rg y  e x p e n d i t u r e .
( I I )  A c t i v e  t e n s i o n  which  i s  t h e  r e s u l t  of  c o n s t r i c t o r  t o n e
i n  t h e  m u s c u l a r  f i b r e s .  T h i s  component  r e q u i r e s  a
c o n t i n u o u s  e n e r g y  e x p e n d i t u r e  and may be m o d i f i e d  by 
n e r v o u s ,  h u m o r a l  and l o c a l  f a c t o r s .
( i l l )  I n t e r f a c i a l  t e n s i o n  be tween  f l u i d  i n  v e s s e l  and v e s s e l  
w a l l .
I f  the  t r a n s m u r a l  p r e s s u r e  i s  r educ e d  be low a c e r t a i n  minimum 
v a l u e ,  ( ' ' c r i t i c a l  c l o s i n g  p r e s s u r e " )  t h e n  v e s s e l  c l o s u r e  t a k e s  
p l a c e .  From L a p l a c e s  p r e s s u r e  law, ( t r a n s m u r a l  p r e s s u r e  i n v e r s e l y  
p r o p o r t i o n a l  to  t h e  v e s s e l  r a d i u s ) , c r i t i c a l  c l o s u r e  w i l l  most  
p r o b a b l y  t a k  „• p l a c e  i n  t h e  s m a l l  d i a m e t e r  a r t e r i o l e s .
T r a n sm u r a l  p r e s s u r e  can be d e c r e a s e d  by r a i s i n g  t h e  l im b  o r  
i n c r e a s i n g  th e  e x t e r n a l  t i s s u e  p r e s s u r e .  In  b o t h  c a s e s ,  t h e  
p e r f u s i o n  p r e s s u r e  w i l l  a l s o  d e c r e a s e .  Venous o c c l u s i o n  w i l l  
i n c r e a s e  t h e  t r a n s m u r a l  p r e s s u r e  but  i e c r e a s e  t h e  p e r f u s i o n  
p r e s s u r e .  By n o t i n g  t h e  r e s p o n s e  t o  t h e  above  t h r e e  m anoeuv res ,  
t h e  r e s p o n s e  t o  a r e d u c t i o n  i n  t r a n s m u r a l  p r e s s u r e  may be 
deduced .  C r i t i c a l  c l o s u r e  h a s  been o b s e rv e d  i n  t h e  s u p e r f i c i a l  
v e s s e l s  of t h e  n a i l  f o l d  when t h e  t r a n s m u r a l  i s  r e d u c e d  be low t h e  
c r i t i c a l  c l o s i n g  p r e s s u r e .  [62]
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I f  t h e  v e s s e l s  behaved  p a s s i v e l y ,  t h e n  i n c r e a s i n g  th e  t r a n s m u r a l  
p r e s s u r e  w^uld s im p ly  o i s t e n d  lh< v e s s e l s .  O b s e r v a t i o n s  show t h a t  
t h e r e  a r e  t h r e e  ra n g e s  of r e s p o n s e s . [62)
Small  i n c r e a s e s  i n  p r e s s u r e  ( i . e .  < 50mm, Hg) t e n d  to  d i s t e n d  t h e  
b lood  v e s s e l s  and so l ead  to  an i n c r e a s e d  b lo o d  f lo w .  I t  s h o u l d  
be no ted  t h a t  c o n c l u s i o n s  o f  t h i s  k i n d  a r e  n o t  c o n c l u s i v e  a s  i t  
i s  no t  p o s s i b l e  t o  compare o b s e r v e d  r e s p o n s e s  w i t h  a p u r e l y  
p a s s i v e  r e s p o n s e .  M odera te  i n c r e a s e s  (50mm Hg -  150mm Hg) do n o t  
s i g n i f i c a n t l y  a l t e r  t h e  f l o w .  T h i s  t e n d s  t o  i n d i c a t e  t h a t  a s  t h e  
p r e s s u r e  i n c r e a s e s ,  so does t h e  r e s i s t a n c e  t o  f lo w .  Thus a 
B a y l i s s  t y p e  r e s p o n s e  ( se e  s e c t i o n  2 . 5 . 1 )  must  o c c u r .  L a r g e  
i n c r e a s e s  (>150mmHg) cause  a v a s o d i l a t i o n  [ 1 2 ] .  P e r h a p s  t h e s e  
h i g h e r  p r e s s u r e s  overcome th e  a c t i o n  c o n t r a c t  l i e  r e s p o n s e  of  t h e  
v e s s e l s .
2 . 8  BLOOD FLOW M■ASUREHLKTS
2 . 8 . 1  Ranp.e of Blood F l ows
The b lood  f l o w  t h ro u g h  the  hand  and f i n g e r s  h a s  been  m easu red  
d u r i n g  a v a r i e t y  o f  m anoeuvres .  [6, 26, 30, 39, 42] The minimum b l o o d  
f lo w  to  s u p p o r t  s k i n  l i f e  i s  abou t  1m] p e r  100ml t i s s u e  p e r  min .  
In f u l l  v a s o d i l a t i o n ,  t h e  f lo w  r a t e  i n c r e s e s  up t o  90ml p e r  100ml 
t i s s u e  p e r  min. Bur ton  [7] q u o t e s  t h e  a v e r a g e  f lo w  u n d e r  
c o m f o r t a b l e  e n v i r o n m e n t a l  c o n d i t i o n s  t o  be  1S-dOml p e r  100ml 
t i s s u e  p e r  min a t  28°C. The p r o p o r t i o n  ol t h e  t o t a l  b lo o d  f l o w i n g  
t h ro u g h  a r t e r i o v e n o u s  a n a s t o m o s i s  i n c r e a  i s  a s  th* t e m p e r a t u r e  
i n c r e a s e s . ^ t  28°c: t h e  f i n g e r  t i p  a r t e r i o v e n o u s  f lo w  i s  e s t i m a t e d  
to  be 4 9 , 8  ml p e r  100ml t i s s u e  p e r  min.  [4 J ]
2 . 6 . 2  Methods o f  m e a s u r in g  p e r i p h e r a 1 b lood  f low
There  a r e  c u r r e n t l y  many m ethods  [29] of e s t i m a t i n g  b lood  f lo w  
r a t e s  i n  p e r i p h e r a l  t i s s u e .  Some methods  a r e  i n v a s i v e  and a s  s u c h  
may d i s t u r b  the  c o n d i t i o n s  f o r  b lo o d  f lo w .  O t h e r s  m easu re  t o t a l  
l imb f low  ( i . e .  b o t h  deep  m u sc l e  and s u p e r f i c i a l  s k i n  f low )  w h i l e  
o t h e r s  g i v e  o n ly  an e s t i m a t e  of r e g i o n a l  f lo w .
C l a s s i c a l l y , two t e c h n i q u e s  a r e  used  to  measure  b lood  f low  r a t e .
The change  in  l imb volume f o l l o w i n g  o c c l u s i o n  of  t h e  v e n o u s
r e t u r n  i s  measured  (venous  o c c l u s i o n  p l e t h y s m o g r a p h y ) . T h i s  
method g i v e s  t o t a l  b lood  f lo w  and i s  i n v a s i v e  s i n c e  i t  r e q u i r e s  
a r r e s t i n g  th e  venous f l o w .  However , t h e  meth a s sum es  t h a t ,  
i n i t i a l l y ,  t h i s  has  no e f f e c t  on t h e  f low r a t e ,  s i n c e  t h e  i n i t i a l  
r a t e  of  change  of  l imb volume i s  t a k e n  a s  t h e  b lood  f lo w  r a t e .  
The d i s a d v a n t a g e s  o f  t h i s  method a r e  t h a t  i t  i s  f a i r l y  d i f f i c u l t  
to  a p p ly  and t h a t  i t  i s  no t  r o b u s t .  F u r t h e r m o r e ,  i t  c a n n o t  
s e p a r a t e  deep t i s s u e  f low from s u p e r f i c i a l  f lo w .
The second  t e c h n i q u e  i s  t o  m easure  t h e  r a t e  of  h e a t  d i s s a p a t i o n  
from a l im b .  I t  i s  assumed t h a t  h e a t  c o n d u c t i o n  t h r o u g h  t h e  deep  
t i s s u e  l a y e r s  i s  n e g l i g i b l e  and t h a t  h e a t  i s  t r a n s p o r t e d  from t h e  
c o re  to  t h e  t i s s u e  / l a  t h e  b l o o d  f lo w .  The a c c u r a c y  of  t h i s
method i s  n o t  a s  good a s  volume p le thym ography  b e c a u s e  t h e  
t e m p e r a t u r e  of  t h e  a r t e r i a l  and v nous b l o o d s  can  o n l y  be 
e s t i m a t e d  from c u r e  and s k i n  t e m p e r a t u r e  r e s p e c t i v e l y .  [29]  A 
f u r t h e r  i i s a d / a n t a g e  i s  t h a t  t h e  method does n o t  g i v e  i n s t a n ­
t a n e o u s  / a l u e s  f o r  f low ,  b e c a u s e  of  t h e  l a g  t ime i n v o l v e d  in  
c a l o r i m e t r y .  Also t h i s  m e thod , g e n e r a l l y  e s t i m a t e s  t h e  t o t a l  l im b  
f lo w ,  a l t h o u g h  i t  can be a d a p t e d  to  g i v e  l o c ' 1 f lows ( b u t  t h i s  
u s u a l l y  i n v o l v e s  i n s e r t i n g  n e e d l e  t i p  t h e r m o - j u n c t i o n s  i n t o  t h e  
t i s s u e )
A more r e c e n t  t e c h n i q u e  i s  t o  measure  t h e  c l e a r a n c e  o f  a 
r a d i o a c t i v e  t r a c e  from t i s . u e .  T h i s  method w i l l  u s u a l l y  g i / e  a 
measurement  of  l o c a l  b lood  f lo w .  A prob lem  a r i s e s  i n  a d m i n i s ­
t e r i n g  t h e  t r a c e s  as  t h i s  i n v o l v e s  d i s t u r b i n g  t h e  l o c a l  co n ­
d i t i o n s .
A p o s s i b l e ,  p r o m i s i n g  t e c h n i q u e  i s  t o  use  t h e  d i f f e r e n t  s p e c t r a l  
r e f l e c t a n c e  and t r a n s m i s s i o n  p r o p e r t i e s  of  b i c o d  and t i s s u e .  (41] 
An added f e a t u r e  of  t h i s  method i s  t h a t  i t  i s  a l s o  s e n s i t i v e  to  
the  oxygen s a t u r a t i o n  of  t h e  b l o o d .  Her tzman  [38] o r i g i n a l l y  
showed t h a t  t h e  method c o u ld  be used  f o r  e s t i m a t i n g  b l o o d  Clow. 
Hocherman [39] d id  no t  o b t a i n  a good c o r r e l a t i o n  b e tw e en  t h i s  
method and t h a t  u s i n g  volume p l e t h y s m o g r a p h y .  However ,  h i s  
a t t e m p t  to  keep  a c o n s t a n t  f i n g e r  volume might  n o t  be v a l i d .  In
a d d i t i o n ,  he showed t h a t  t h e  p h o t o e l e c t r i c  o u t p u t  d e p e n d s  on th e
l o c a l  s p a t i a l  v a s c u l a t u r e ,  w he reas  t h e  volume p l e t h y s m o g r a p h  
g i v e s  an i n t e g r a t e d  volume c hange .  The r e s u l t s  of Weinman [68] 
and Dav i s  [16] show t h a t  t h e  method i s  p r o m i s i n g .  D a v i s  c o n c l u d e s  
t h a t  t h e r e  i s  a good c o r r e l a t i o n  be twen t h i s  method and o t h e r  
e s t a b l i s h e d  m ethods ,  when a l l  methods  o b s e r v e  t h e  same v a s c u l a r  
bed
A l l  t h e  above  i n v e s t i g a t o r s  i g n o r e d  t h e  e f f e c t s  of  oxygen 
s a t u r a t i o n  and m ain ly  used t r a n s m i s s i o n  m e a s u r e m e n t s .  Weinman i s  
t h e  on ly  one t o  q u o t e  a t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  t h e  m ethod ,  
and i n  do ing  s o ,  he used t h e  s i m p l e  L m b e r t - B e e r  e q u a t i o n
( s e c t i o n  3 . 2 . 1 )  and t h u s  o b t a i n e d  a l i n e a r  model .  As t h i s  method
forms t h e  m ajo r  p a r t  o f  t h i s  d i s s e r t a t i o n ,  c h a p t e r  3 d i s c u s s e s  
t h i s  method more f u l l y .
2 .9  TRANSPORT UF CASKS IN THE BLOOD
2. 9. ]
There  i s  no c h e m i c a l  r e a c t i o n  be tw een  oxygen  and b lo o d  p l a s m a .  
T h e r e f o r e ,  t h e  amount  of  oxygei d i s s o l v e d  i n  g o v e rn e d  by H e n r y ' s  
law (amount  of  d i s s o l v e d  gas  i s  p r o p o r t i o n e d  to  t h e  p a r t i a l  
p r e s s u r e  o f  t h e  g a s ) .  Normal a r t e r i a l  b l o o d  ha s  an oxygen p a r t i a l
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p r e s s u r e  of  100 mm llg. At t h i s  p r e s s u r e ,  p l a s m a  w i l l  d i s s o l v e  0 , 3  
ml oxygen /100  ml p l a s m a .  R e s t i n g  t i s s u e ,  on a v e r a g e ,  r e q u i r e s  250 
ml oxyge n /m in .  Thus ,  t o  s a t i s f y  t h i s  r e q u i r e m e n t  w i t h  p lasm a  
a l o n e ,  would r e q u i r e  c i r c u l a t i o n  of  83 l / m i n  of  p lasm a .
The haem oglob in  (Hb) p r e s e n t  i n  t h e  r ed  b l o o d  c e l l s  can combine 
c h e m i c a l l y  w i t h  oxygen in  an u n iq u e  m anne r .  The amount of HI 
combined w i t h  oxygen ( o x y - h a e m o g l o b i n )  d e p e n d s ,  i i  a non l i n e a r  
f a s h i o n ,  on th e  p a r t i a l  p r e s s u r e  of  oxygen  ( s e e  f i g u r e  2 . 7 ) .  The 
oxygen c a p a c i t y  of  Hb i s  1,34m oxygen /gm  Hb. Normal b l o o d  h a s  a 
c o n c e n t r a t i o n  of  15gm Hb/lOOml b l o o d  and t h u s  t h e  oxygen c a p a c i t y  
o f  ha a em og lob in  i s  2 0 , 6  ml oxygen /100m l  b l o o d  [13 ] .  The a b s o r p ­
t i o n  s p e c t r u m  c l  t h e  h a e m o g l o b in  m o l e c u l e  ( m o l e c u l a r  mass 16 700) 
c hanges  when i t  combines w i t h  oxygen ( f i g u r e  3 . 1 )
The d i s s o c i a t i o n  c u r v e  [65] ( f i g u r e  2 . 7 )  shows t h e  f o l l o w i n g  
po i n t s :
1. The oxygen c o n t e n t  i s  n o t  s i g n i f i c a n t l y  changed when 
t h e  p a r t i a l  p r e s s u r e  o f  oxygen  i s  i n c r e a s e d  above  
100mm Hg.
2. Changing  th e  p r e s s u r e  i rom  70 -  100 mm Hg o n l y  changes  
t h e  oxygen c o n t e n t  by abou t  5/„.
3. It. t h e  r ange  10 -40mm Hg, t h e  c u r v e  i s  v e r y  s t e e p ,  t h u s  
i n  t h i s  p r e s s u r e  r a n g e  th e  b l o o d  can  un load  l a r g e  
q u a n t i t i e s  of  oxygen .
4. The d i s s o c i a t i o n  c u r / e  i s  a f f e c t e d  by b lood  pH ( t h e  Bohr 
e f f e c t )  and t e m p e r a t u r e .  I n c r e a s i n g  t h e  a c i d i t y  oi 
t e m p e r a t u r e  of  b l o o d  s h i f t s  t h e  c u r v e  t o  .he r i g h t .  Thus 
more oxygen can be u n l o a d e d  i n  t i s s u e  h a v in g  a h i g h e r  














Carbon D io x id e
Carbon d i o x i d e  i s  a l s o  c a r r i e d  i n  two m a jo r  fo rm s .  A s m a l l  
p r o p o r t i o n  i s  p h y s i c a l l y  d i s s o l v e d  in  t h e  p lasm a  and f l u i d  o f  t h e  
e r y t h r o c y t e s .  C a r b o n  d i o x i d e  can h y d r a t e  i n t o  c a r b o n i c  a c i d  which 
i n  t u r n  d i s s o c i a t e s  i n t o  p r o t o n s  and b i c a r b o n a t e  i o n s .  The 
h y d r a t i o n  r e a c t i o n  i s  c a t a l y s e d  i n  t h e  r ed  b l o o d  c e l l s ,  h e n c e  th e  
major  p o r t i o n  of  c a rb o n  d i o x i d e  i s  c a r r i e d  in  t h e  fo rm of 
b i c a r b o n a t e  i o n s . The b l o o d  pH i s  c l o s e l y  l i n k e d  t o  t h e  amount  of 
ca rb o n  d i o x i d e  i n  the  b l o o d  (b e c a u s e  o f  t h e  d i s s o c i a t i o n  o f  t h e  
c a r b o n i c  a c i d . )
2 . 9. i  Blood - T i s sue <
Oxygen d i f f u s e s  from the  c a p i l l a r i e s  i n t o  t h e  e x t r a c e l l u l a r  f l u i d  
and h ence  to  the  m i t o c h o n d r i a  of  t h e  t i s s u e . Only t h e  b lood  f low  
th r o u g h  th e  t h i n  w a l l e d  c a p i l l a r y  v e s s e l s  c o n t r i b u t e  to  t h e  gas  
e xc hange .  Flow th ro u g h  t h e  a r t e r i o v e n o u s  a n a s t o m o s i s  ( s e e  s e c t i o n  
2 . 1 . 3 )  do not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t i s s u e  gas  t e n s i o n .  
The mo/ement  o f  oxygen in  t h e  t i s s u e  (and  c a rb o n  d i o x i d e )  i s  a 
d i f f u s i o n  p r o c e s s  and so d e p e n d s  on a c o n c e n t r a t i o n  g r a d i e n t .  The 
oxygen p r e s s u r e  a t  a p o i n t  d e p e n d s  on t h e  d i s t a n c e  from t h e  p o i n t  
t o  the  n e a r e s t  c a p i l l a r y  w i t h  f l o w i n g  b l o o d ,  i n t e r c a p i l l a r y  
d i s t a n c e ,  r a t e  of  oxygen c o n s u m p t io n ,  m a g n i tu d e  of  t h e  oxygen 
g r a d i e n t  and r a t e  of  b lood  f low  t h r o u g h  t h e  c a p i l l a r i e s .  I t  
sho- i  be no ted  t h a t  g a s  t e n s i o n  g r a d i e n t s  a r e  an i n t r i n s i c  
p r o p e r t y  of t h e  t i s s u e .  T h e r e f o r  , i t  i s  n o t  s t r i c t l y  t r u e  t o  
r e f e r  t o  a "mean t i s s u e  t e n s i o n " .  [ 5 4 ] .  L oc a l  pas  t e n s i o n  
g r a d i e n t s  a re  most e f f i c i e n t l y  changed  by t h e  o p e n in g  and c l o s i n g  
down of  l o c a l  c a p i l l a r i e s . I n c r e a s i n g  t h e  b l o o d  f low h a s  a 
r e d u c e d  e f f e c t  on the  g r a d i e n t s .  T i s s u e  edema ( i n c r e a s e d  t i s s u e  
f l u i d )  w i l l  i n c r e a s e  t h e  d i s t a n c e  t o  open c a p i l l a r i e s  as  w e l l  as  
c a u s i n g  t h e  c l o s u r e  i f l o c a l  c a p i l l a r i e s . b o t h  e f f e c t s  r e d u c e  t h e  
amount of  t i s s u e  oxygen .
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The p a r t i a l  p r e s s u r e  of  oxygen i n  t h e  l u n g s  i s  100 105 mm Hg. 
F i g u r e  2 . 7  t h e r e f o r e  i n d i c a t e s  t h a t  t h e  h a e m o g lo b in  i s  a l m o s t  
f u l l y  s a t u r a t e d .  The oxygen  t e n s i o n  d r o p s  t o  a p p r o x i m a t e l y  20 
40 mm Hg i n  m e t a b o l i s i n g  t i s s u e  ( s e c t i o n  2 . 3 . 1 ) .  T h e r e f o r e ,  t h e r e  
can e x i s t  a s u b s t a n t i a l  a r t e r i o - v e n o u s  oxygen d i f f e r e n c e .  I n c ­
r e a s e d  oxygen r e q u i r e m e n t s  can  be s u p p l i e d  e i t h e r  by i n c r e a s e d
b lood  f low o r  i n c r e a s e d  oxygen  e x t r a c t i o n .  Sometimes b o t h  meci .a-
n i s  is o p e r a t e .
2. 10 CLINICAL SIGN 1FIlANCK OF PERIPHERAL L^uUU FLQJ
A l l  forms of  l i f e  a r e  c r i t i c a l l y  d e p e n d a n t  on a s u f f i c i e n t  s u p p l y  
of  oxygen.  In  t h e  human body,  t h e  c h i e f  ’a p p ly  o f  oxygen i s  v i a  
t h e  b lood  c i r c u l a t i o n ,  ( s e e  s e c t i o n  2 . 9 ) .  I t  t h u s  seems r e a s o ­
n a b le  t o  assume t h a t  knowing t h e  s t a t e  of  t h e  c a r d i o v a s c u l a r
sys tem w i l l  p r o v i d e  i n s i g h t  i n t o  t h e  g e n e r a l  s t a t e  o f  t h e  body  as
a whole .  ( I n  a s i m p l i s t i c  way,  t h i s  a rgum en t  may be  s e e n  a s  an 
e x t e n s i o n  to  t h e  c l a s s i c a l  s u b j e c t i / e  a s s e s m e n t  of  s k i n  c o l o u r  as  
a t o o l  i n  c l i n i c a l  d i a g n o s i s .  A w h i t e ,  " p a l e "  a p p e a r a n c e  i d e n ­
t i f i e s  a p a u c i t y  of  b l o o d  s u p p l y ,  w h i l e  a ' f l u s h e d  a p p e a r a n c e  
i n d i c a t e s  a r i c h  s u p p l y . )
The s i g n i f i c a n c e  of  oxygen and b l o o d  s u p p l y  d u r i n g  wound h e a l i n g  
has  a l r e a d y  been  d i s c u s s e d  ( s e e  s e c t i o n  2 . 3 . 1 ) .  . h e  l e v e l  of  
t i s s u e  p e r f u s i o n  i s  i m p o r t a n t  i n  p o s t  o p e r a t i v e ,  p l a s t i c  s u r g e r y  
c a r e .  The e f f e c t s  o f  v a r i o u s  p a t h o l o g i c a l  c o n d i t i o n s  on t h e  
c a r d i o v a s c u l a r  s y s te m  h a v e  been rev iew ed  by H e i s t a d  [3 7].
During shock  t h e r e  i s  an i n i t i a l  v a s o c o n s t r i c t i o n  o f  musc le  and 
c u ta n e o u s  v e s s e l s .  The c o n s t r i c t i o n  i s  more s e v e r e  i n  t h e  s k i n .  
A f t e r  p r o lo n g e d  shock  t h e r e  i s  a l o s s  of  c o n s t r i c t i o n  ( p o s s i b l y  
as  a r e s u l t  of  t h e  a c c u m u l a t i o n  of m e t a b c l i t e s )  i n  t h e  a r ­
t e r i o l e s ,  w h i l e  t h e  c o n s t r i c t i o n  on t h e  venous  s i d e  r e m a i n s .  The 
combined a f f e c t  of  a r t e r i o l e  d i l a t i o n  and venous  c o n s t r i c t i o n  i s  
an i n c r e a s e  i n  p e r f u s i o n  p r e s s u r e  which i n  t u r n  r a i s e s  t h e  
c a p i l l a r y  f i l t r a t i o n  c o e f f i c i e n t .  T h i s  r e s u l t s  i n  an a c c u m u l a t i o n
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o f  i n t r a  v a s c u l a r  f l u i d  which can  c o n t r i b u t e  to  s h o c k  by th e  
p o o l i n g  of  venous  b l o o d  i n  t h e  p e r i p h e r y  w i t h  a r e s u l t i n g  
d e c r e a s e  i n  b lo o d  P» H. 17
In h y p e r t e n s i o n  ( h i g h  b lo o d  p r e s s u r e )  t h e r e  i s  an  i n i t i a l  
d i l a t i o n  i n  t h e  m usc le s  and c o n s t r i c t i o n  i n  t h e  s k i n .  In l a t e r  
h y p e r t e n s i o n ,  b o th  t h e  s k i n  and m u sc l e  r e s i s t a n c e  i n c r e a s e .  In 
a r t e r i o s c l e r o s i s  ( h a r d e n i n g  of  t h e  a r t e r i e s ) ,  t h e  r e s t i n g  b lood  
f lo w  may n o t  s i g n i f i c a n t l y  c h a n g e ,  b u t  h i g h  f l o w  r e q u i r e m e n t s  may 
n o t  be  f u l l y  s a t i s f i e d .  H e a r t  f a i l u r e  h a s  s i m i l a r  symptoms.  
Dur ing  e x e r c i s e ,  t h e  p a t i e n t  would h a v e  e x a g g e r a t e d  v a s o c o n s t r i c ­
t i o n  i n  t h e  s k i n ,  (which i s  a compromise  on t h e r m o r e g u l a t i o n ) .
D i a b e t e s  can  r e s u l t  i n  au to n o m ic  n e u r o p a t h y  ( d e g r a d a t i o n  in  
n e r v a l  a c t i v i t y )  which wou ld  r e s u l t  i n  a b n o r m a l i t i e s  i n  t h e  
r e f l e x  c o n t r o l  of c u t a n e o u s  v e s s e l s ,  w i t h  i m p a i r e d  n e u r o g e n i c  
s w e a t i n g  and t h e r m o r e g u l a t i o n .  Raynauds  d i s e a s e  ( spasm of  t h e  
a r t e r i e s  i n  t h e  f i n g e r )  r e s u l t s  i n  a s h a r p  d e c r e a s e  i n  b l o o d  f low  
w i t h  c o o l i n g .  The c a p i l l a r y  " n u t r i t i o n a l "  f l o w  i s  s i g n i f i c a n t l y  
d e p r e s s e d  i n  p a t i e n t s  s u f f e r i n g  from Raynauds  d i s e a s e .
I t  t h e r e f o r e  a p p e a r s  t h a t  a know ledge  of  t i s s u e  f lo w ,  p a r ­
t i c u l a r l y  s k i n  f low  can p r o v i d e  v a l u a b l e  i n f o r m a t i o n  i n  a 
c u r a t i v e  a s  w e l l  as  a p a t i e n t  m o n i t o r i n g  c l i n i c a l  e n v i r o m e n t .
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CHAPTER 3 PROROGATION OF LIGH1 IN BLOOD AND TISSUE
3 .1  INTRODUCTION
The s t u ^ v  o f  t h e  p r o p o g a t i o n  of  l i g h t  t h r o u g h  a medium may be 
a p p r o a c h e d  from many d i f f e r e n t  p o i n t s  o f  v iew .  When t h e  medium i s  
homogeneous ( i . e .  t h e  p a r t i c l e  s i z e  o f  t h e  medium i s  s m a l l  
compared t o  t h e  w a v e l e n g t h  u s e d ) ,  t h e n  t h e  f a m i l i a r  phenom ina  of  
r e f l e c t i o n ,  r e f r a c t i o n  and  d i f f r a c t i o n  can be i d e n t i f i e d .  Howe­
v e r ,  when t h e  medium p a r t i c l e  s i z e  becomes c o m p a r a b l e  w i t h  t h e  
w a . e l e n g t h ,  t h e n  i t  i s  n o t  p o s s i b l e  t o  d i f f e r e n t i a t e  b e tw e e n  
t n e s e '  t h r e e  p h e nom ina .  A m i c r o s c o p i c  a p p r o a c h  must  b e  a d o p t e d  
which d e s c r i b e s ,  t h e  i n t e r a c t i o n  b e tw e e n  t h e  i n c i d e n t  l i g h t  and 
t h e  medium i n  t e r m s  of  s c a t t e r i n g  and  a b s o r p t i o n .  The amount  o f  
s c a t t e r i n g  and  a b s o r p t i o n  d e p e n d s  upon th e  p r o p e r t i e s  o f  t h e  
medium and t h e  w a v e l e n g t h  of  t h e  i n c i d e n t  l i g h t .  B lood  and t i s s u e  
f a l l  i n t o  t h e  l a t t e r  c a t e g o r y
The s p e c t r a l  p r o p e r t i e s  o f  b l o o d ,  i n  t h e  u l t r a - v i o l e t  t h r o u g h  
i n f r a - r e d  r a n g e  [80]  a r e  i n t e r e s t i n g .  I t  i s  w e l l  known t h a t  
a r t e r i a l  b l o o d  i s  r e d ,  w h i l e  v e n o u s  b l o o d  i s  b l u e r .  Thus  t h e  
a b s o r p t i o n  c o e f f i c i e n t  f o r  h a e m o g l o b i n  c h a n g e s  s t r o n g l y  w i t h  
w a v e l e n g t h  and  more i m p o r t a n t ,  t h e r e  a r e  d i f f e r e n c e s  b e t w e e n  t h e  
c o e f f i c i e n t  f o r  o x y g e n a t e d  and  d e o x y g e n a t e d  h a e m o g l o b i n  ( s e e  
f i g u r e  3 . 1 ) .  The o p t i c a l  p r o p e r t i e s  o f  ha e m o g lo b in  have lo n g  b e e n  
r e c o g n i s e d  a s  a p o t e n t i a l  m ethod  f o r  d e t e r m i n i n g  t h e  oxygen  
s a t u r a t i o n  o f  h a e m o g l o b in  i n  b l o o d  s a m p l e s .  I t  s h o u l d  be  remem­
b e r e d ,  when c om pa r ing  p h o t o m e t r i c  t o  m a . iomet r i c  m e t h o d s ,  t h a t  t h e  
fo rm er  o n l y  g i v e s  an i n d i c a t i o n  o f  oxygen  combined w i t h  haemog­
l o b i n ,  w h i l e  t h e  l a t t e r  u s u a l l y  g i v e s  t o t a l  oxygen  i n  t h e  b l o o d  
However t h e  r e l a t i o n s h i p  b e tw e e n  t h e  two i s  r e a d i l y  and r o u t i n e l y  
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F i g u r e  3 .1  A b s o r p t i o n  S p e c t r u r  o f  Hb and HbO  ^
( D a ta  from Gordv and Drabk in  t 80 ] )
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T h e re  have been  fo u r  m a jo r  t h e o r i e s  i n  m o d e l l i n g  t h e  p r o p o g a t i o n  
of  l i g h t  i n  b l o c d
( i )  L a m b e r t - B e e r • law
( i i )  Kubelka-Munk e q u a t i o n s
( i i i )  T w e r s k y ' s  m u l t i p l e  s c a t t e r i n g  t h e o r y
( i v )  D i f f u s i o n  e q u a t i o n
The f i r s t  two t h e o r i e s  a r e  r e l a t i v e l y  s i m p l e  and a r e  e s s e n t i a l l y  
a one d i m e n s i o n a l  t r e a t m e n t .  T w e r s k y ' s  t h e o r y  i s  f u n d a m e n t a l ,  b u t  
i s  m a t h e m a t i c a l l y  c o m p l i c a t e d  ind d i f f i c u l t  to  a p p ly  i n  p r a c t i c e .
The d i f f u s i o n  e q u a t i o n  a p p r o a c h  i s  bo r row ed  from t h e  work done  cn
t h e  d i f f u s i o n  of  f r e e  c a r r i e r s  i n  s e m i - c o n d u c t o r s .
3 . 2  PHOTOMETRIC DbiERHINATION OF OXYGEN SATURATION
3 . 2 . 1  Lamber t - B e e r  Law
The L a m ber t -B ee r  law g o v e r n s  t h e  p r o p o g a t i o n  o f  l i g h t  t h r o u g h  a 
s o l u t i o n .  S in c e  t h e  s o l u t i o n  i s  assumed to  be homogeneous ,  o n l y  
a b s o r p t i o n  i s  c o n s i d e r e d .  T h i s  law s t a t e s  two i m p o r t a n t  p r i n c i p ­
l e s :
( i )  The r a t e  of  c hange  of i n t e n s i t y  w i t h  d i s t a n c e  i s  
p r o p o r t i o n a l  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t .
( i i )  The a b s o r p t i o n  c o e f f i c i e n t  i s  l i n e a r l y  p r o p o r t i o n a l
t o  t h e  c o n c e n t r a t i o n  of  a b s o r b i n g  s u b s t a n c e .
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Thus from p r o p e r t y  ( i )  [89];
d l  = e C (3-  1)
dx
w h e r e :
I  -  t h e  i n t e n s i t y  of  t h e  l i g h t  
C -  c o n c e n t r a t i o n  of  a b s o r b i n g  s u b s t a n c e
rhe e x t i n c t i o n  c o e f f i c i e n t  <e> I s  a p r o p e r t y  o f  t h e  a b s o r b i n g  
s u b s t a n c e  and I s  a c o n s t a n t  f o r  a g i v e n  w a v e l e n g t h .  Fo r  co n ­
v e n i e n c e .  t h e  s o l u t i o n  f o r  t h e  i n t e n s i t y  o f  l i g h t  i s  w r i t t e n  f r o .  
e q u a t i o n  3 . 1  i n  t e r m s  of  b a s e  10. The e x t i n c t i o n  c o e f f i c i e n t  I s
then  d e f i n e d  a s :
e = lo g (T /C d ) (3 . 2 )
i s  t h e  r a t i o  of  t r a n s m i t t e d  l i g h t  t o  i n c i d e n t  l i g h t .  The 
o g a r i t h m  o f  T (base  10) i s  c a l l e d  t h e  o p t i c a l  d e n s i t y .
, co n s eq u e n c e  of  p r o p e r t y  (11 )  i s  t h a t  t h e  r e s u l t a n t  e x t i n c t i o n  
^ e f f i c i e n t  of  a m i x t u r e  of  a b s o r b i n g  s u b s t a n c e s  ( p i g m e n t s )  i s
; i v e n  by :
e -  % V, e 
i - 1
where V. i s  t h e  v o l u m e t r i c  f r a c t i o n  of p igmen t  i
e .  i s  t h e  e x t i n c t i o n  coe 
i
f i i c i e n t  of  p ig m e n t  i
52
3 . 2 . 2  The E x t i n c t i o n  C oe f f i c i e n t
E x t i n c t i o n  c o e f f i c i e n t s  f o r  oxy and r e d u c e d  haemoglob in  have  been  
measured  ( f i g u r e  3 . 1 ) . I t  i s  c l e a r  f rom f i g u r e  3 .1  t h a t  t h e r e  a r e  
s e v e r a l  i s o b e s t i c  p o i n t s  ( i . e .  w a v e l e n g t h s  f o r  which t h e  e x t i n c ­
t i o n  c o e f f i c i e n t s  of  oxy and r e d u c e d  haem oglob in  a r e  e q u a l ) . 
These  w a v e le n g th s  a r e  u s e f u l ,  s i n c e  t h e  a b s o r p t i o n  of  b l o o d  a t  
t h e  i s o b e s t i c  w a v e l e n g t h s  i s  i n d e p e n d a n t  o f  oxygen  s a t u r a t i o n  and 
hence  a measurement  a t  t h i s  w a v e l e n g t h  c o u l d  be used  to  h i g h l i g h t  
v a r i a t i o n s  i n  o t h e r  f a c t o r s  which a f f e c t  l i g h t  p r o p o g a t i o n  ( s e e  
s e c t i o n  3 . 3 ) .  One i s o b e s t i c  p o i n t  o c c u r s  a t  805nm, t h r  a r e  i n  
t h e  g r e e n  p a r t  of  t h e  s p e c t r u m  (500 -600nn )  and more a r e  found i n  
t h e  u l t r a  v i o l e t  p o r t i o n .  In p r a c t i c e ,  t h e  i s o b e s t i c  p o i n t  a t  
805nn i s  u sed ,  b e c a u s e  t in a b s o r p t i o n  i n  t h e  g r e e n  and u l t r a ­
v i o l e t  p a r t s  of  the  s p e c t r u m  i s  ab o u t  100 t i m e s  t h a t  i n  t h e  
i n f r a - r e d ,  and th u s  one  woeVJ have  t o  d e a l  w i t h  much low e r  l e v e l  
s i g n a l s .  Howe/er ,  i t  i s  a l s o  c l e a r  t h a t  t h e  c u r v e s  f o r  o x y g e n a te d  
and r ed u c e d  haemoglob in  a r e  much c l o s e r  t o g e t h e r  i n  t h e  g r e e n  
r e g i o n  whereas  a round 805nm t h e y  d i v e r g e  q u i c k l y .  T h e r e f o r e ,  the  
i s o b e s t i c  p o i n t s  in the  g r e e n  r e g i o n  h a v e  t h e  a d v a t a g e  t h a t  any 
s h i f t  or  b r o a d e n i n g  i n  t h e  s p e c t r u m  o f  t h e  i l l u m i n a t i n g  l i g h t  
w i l l  have  l e s s  of  an e f f e c t  t h a n  i n  t h e  i n f r a - r e d  r e g i o n .
A second  u s e f u l  w a v e l e n g t h  l i e s  i n  t h e  r a n g e  650-700nm. I t  c an  be 
s e e n  t h a t  t h e r e  i s  a r e l a t i v e l y  l a r g e  d i f f e r e n c e  b e tw e en  t h e  
e x t i n c t i o n  c o e f f i c i e n t s  of o x y g e n a te d  and r ed u c e d  h a e m o g lo b in  i n  
t h i s  r e g i o n .
3 . 2 . 3  The C a l c u l a t i o n  of Oxynen S n t n r n t  lot '
The most  common method o f  o b t a i n i n g  t h e  oxygen s a t u r a t i o n  of  
b lood  i s  based  on t h e  Lam ber t—Beer  law.  The o p t i c a l  d e n s i t y  [ i . e .  
l o g (1 ) i i s  measured a t  two w a v e l e n g t h s , where one of  t h e  
w a v e l e n g t h s  i s  an i s o b e s t i c  p o i n t  (The o t h e r  b e in g  in  t h e  r a n g e  
650-7U0nm.) .  ihe  c o n c e n t r a t i o n  and d e p th  of  sample  a r e  assumed to
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be  t h e  same f o r  b o th  m e a s u r m e n t s , and  t h e  b l o o d  i s  assumed t o  be 
made up of  two com ponen ts ,  v i z . o x y g e n a te d  and r e d u c e d  haemog­
l o b i n .  Then t h e  r e s u l t a n t  e x t i n c t i o n  c o e f f i c i e n t  i s  c a l c u l a t e d  
l  rom:
e = S e o +  ( 1 -S )  e r
w h e r e :
eo -  e x t i n c t i o n  c o e f f i c i e n t  of  o x y g e n a te d  h a e m o g lo b in  
e r  -  e x t i n c t i o n  c o e f f i c i e n t  o f  r e d u c e d  haem og lob in  
S -  Oxygen s a t u r a t i o n  of  t h e  sam ple
Taking  t h e  r a t i o  of t h e  two o p t i c a l  d e n s i t i e s ,  we f i n a l l y  o b t a i n  
t h a t  t h e  o ygen  s a t u r a t i o n  can  be c a l c u l a t e d  from :  [8 1 ,8 6 ]
O . D . 660 e 605 e r 6bC
O.D. 8 0 5 e r 660 -  e o 6 6 0 e r 66 0 -  e o * 60
w h e r e :
(3.  3)
O.D. 6 6 0 i s  the  o p t i c a l  d e n s i t y  a t  a w a v e l e n g t h  of  660nm
O.D. 8 0 5 i s  the  o p t i c a l  d e n s i t y  a t  a w a v e l e n g t h  o f  805nm
E x p e r im e n t a l  r e s u l t s  a t  c o n s t a n t  h a e m o g lo b in  c o n c e n t r a t i o n  and 
sample d e p th  v e r i f y  t h e  l i n e a r  r e l a t i o n s h i p  be tw een  s a t u r a t i o n  
and o p t i c a l  d e n s i t y  e x p r e s s e d  in  ( 3 . 3 )  [78, 80, 95] ,  a l t h o u g h  ( 3 . 3 )  
p r e d i c t s  t h a t  t h e  r e l a t i o n s h i p  be tw e en  t h e  r a t i o  o f  o p t i c a l  
d e n s i t i e s  and t h e  oxygen s a t u r a t i o n  s h o u l d  be t h e  same f o r  a l l
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sample d e p t h s  and haem og lob in  c o n c e n t r a t i o n s , t h i s  i s  o n l y  t r u e  
f o r  h a e n o l y s e d  b lood  (b lo o d  i n  which t h e  red  b l o o d  c e i l s  have 
been d e s t r o y e d  and h a e m og lob in  i s  i n  s o l u t i o n ) .  For  whole  b lo o d  
t h e  s l o p e  and i n t e r c e p t  i n  ( 3 . 3 )  change f o r  d i f f e r e n t  h a e m o g lo b in  
c o n c e n t r a t i o n s .  In  o t h e r  words t h e  e x t i n c t i o n  c o e f f i c i e n t  ( a s  
d e f i n e d  by e q u a t i o n  ( 3 . 2 ) ) ,  i s  n o t  i n d e p e n d a n t  of  t h e  ha e m o g lo b in  
c o n c e n t r a t i o n .  Kramer [86] a l s o  showed t h a t  v a r y i n g  C and d ( s e e  
e q u a t i o n  3 . 2 ) ,  w h i l e  k e e p i n g  t h e i r  p r o d u c t  c o n s t a n t  doe s  no t  
r e s u l t  i n  a l i n e a r  r e l a t i o n s h i p .
A f u r t h e r  c o m p l i c a t i n g  f a c t o r  i s  t h a t  t h e  l i n e a r  r e l a t i o n s h i p  
round ( a t  c o n s t a n t  C and d) o c c u r s  when t h e  o p t i c a l  s y s t e m  i s  
e s s e n t i a l l y  one d i m e n s i o n a l  ( i . e .  t r a n s m i s s i o n  ty p e  e x p e r i m e n t ) .  
When a t h r e e  d i m e n s i o n a l  a r r a n g e m e n t  i s  u s e d ,  [ 6 2 , 7 5 , 9 0 ]  a s  i n  
r e f l e c t i o n  m ea s u rem e n ts ,  t h e n  t h e  r e l a t i o n s h i p  b e tw e en  r e f l e c ­
t a n c e  and oxygen s a t u r a t i o n  i s  n o n - l i n e a r  and depends  on t h e  
t r a n s d u c e r  g e o m e t ry .  Cohen and L o n g i n i  [75]  s u g g e s t  t h a t  o t h e r  
" n o r m a l i s i n g  f u n c t i o n s "  ( b e s i d e s  t h a t  o f  t h e  r a t i o  o f  r e f l e c t a n ­
c e s )  be s o u g h t  v i a  the  t h e o r e t i c a l  r e s u l t s  of  t h e  d i f f u s i o n  
e q u a t i o n .
T h e r e f o r e ,  i t  would a p p e a r  t h a t  t h e  r e s u l t s  of  t h e  L a m b e r t - B e e r  
law a r e  o n l y  u s e f u l  f o r  a s m a l l  c l a s s  of  p r o b le m s ,  when t h e  o t h e r  
v a r i a b l e s  a f f e c t i n g  th e  m easurem ent  a r e  e i t h e r  k e p t  c o n s t a n t  or  
a r e  known.
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3 . 3  FACTORS WHICH DETERMINE THE PROPOGATIuN OF LIGHT
3 . 3 . 1 A b s o r p t i o n  and S c a t t e r i n g
When l i g h t  t r a v e r s e s  a medium i t s  p a t h  i s  d e t e r m i n e d  by a b s o r p ­
t i o n  and s c a t t e r i n g  o f  the  p h o t o n s . In  t h e  p r e v i o u s  s e c t i o n ,  
(Lam ber t -B ee r  l a w ) , o n l y  a b s o r p t i o n  was c o n s i d e r e d .  I t  was 
assumed t h a t  h a e m og lob in  i s  t h e  o n l y  a b s o r b i n g  s u b s t a n c e  i n  b l o o d  
and t h a t  hemolysed b l o o d  i s  made up o f  a s o l u t i o n  of h a e m o g lo b in  
and p lasma.
The a b s o r p t i o n  f a c t o r  de pe nds  upon t h e  n a t u r e  of  t h e  l i g h t .  
J a n s s e n  [83] showed t h a t  t h e  a b s o r p t i o n  f a c t o r  f o r  d i f f u s e  l i g h t  
i s  tw i c e  t h a t  f o r  c o l l i m a t e d  l i g h t .  T h e r e f o r e , t h i s  s h o u l d  be 
c o n s i d e r e d  when c a l c u l a t i n g  a b s o r p t i o n  f a c t o r s  f o r  d i f f u s e  ( i . e .  
s c a t t e r e d )  l i g h t  f rom e x t i n c t i o n  c o e f f i c i e n t s  a s  e x t i n c t i o n  
c o e f f i c i e n t s  a r e  n o r m a l l y  m easu red  u s i n g  c o l l i m a t e d  l i g h t  s o u r ­
c e s .  Num erica l  v a l u e s  f o r  a b s o r p t i o n  c o e f f i c i e n t s  p r e s e n t e d  by 
some a u t h o r s  ( s e e  a p p e n d ix  3)  do n o t  a p p e a r  t o  t a k e  t h i s  i n t o
accoun  t .
When th e  medium c o n s i s t s  of  a s u s p e n s i o n ,  t h e r e  a r e  o t h e r
phenomina b e s i d e s  p u r e  a b s o r p t i o n  which  a t t e n u a t e  t h e  i n c i d e n t  
wave. These phenomina a r e  te rmed  c a t t e r i n g .  The d e g r e e  of  
s c a t t e r i n g  a l s o  depends  on t h e  s h a p e ,  d i m e n s i o n ,  o r i e n t a t i o n  and 
s p a c e  d i s t r i b u t i o n  o f  t h e  p a r t i c l e s  i n  t h e  medium. The r e d  b lo o d
c e l l s  (RBC) a c t  a s  s c a t t e r i n g  a g e n t s  i n  whole b l o o d .
The t r e a t m e n t  of  s c a t t e r i n g  can  e i t h e r  be a p p ro a c h e d  f rom t h e  
s im p l e  c a se  of a s i n g l e  s c a t t e r ,  which  means t h a t  t h e  p a r t i c l e s  
i n  t h e  medium a r e  o n ly  exposed  t o  t h e  i n c i d e n t  beam. T h i s  w i l l  
o c c u r  when t h e  mean p a t h  l e n g t h  b e f o r e  s c a t t e r i n g  i s  l a r g e .  
However, when t h e  d e n s i t y  o f  s c a t t e r i n g  p a r t i c l e s  i n c r e a s e s  th e n
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m u l t i p l e  s c a t t e r s  must be taken i n t o  a c c o u n t . By m u l t i p l e  
s c a t t e r i n g ,  i t  i s  meant th a t  each p a r t i c l e  i s  not  o n l y  exposed  to  
t h e  i n c i d e n t  wave but a l s o  t o  waves which  o r i g i n a t e  from 
s c a t t e r i n g  by ad j a c e n t  p a r t i c l e s .  Loewinger  8 8 ] s u g g e s t s  t h a t  i f  
the  measured a t t e n u a t i o n  o f  l i g h t  i n  p a s s i n g  through a s c a t t e r i n g  
medium i s  g r e a t e r  than e x p ( - 0 , l ) ,  t h e n  m u l t i p l e  s c a t t e r i n g  must  
be assumed.
Most a u t h o r s ,  when working w i th  th e  problem o f  both a b s o r p t i o n  and 
s c a t t e r i n g  in  whole b l o o d ,  assume t h a t  haemoglobin i s  the  o n ly  
a b s o r b in g  a g e n t  in  whole b lood  and t h a t  i t s  a b s o r p t i o n  p r o p e r t i e s  
are  independant  o f  whether th e  haem oglo b in  i s  i n  s o l u t i o n  or  
c o n t a in e d  in  the RBC. This  means t h a t  the a b s o r p t i o n  c o e f f i c i e n t  
o f  whole  b lo o d  i s  taken  to  be equal  t o  that  o f  haemolysed  b l o o d .
The qbserved  o p t i c a l  d e n s i t y  (or r e f l e c t i o n )  o f  whole  b lood  i s  
then used t o  c a l c u l a t e  the  s c a t t e r i n g  c e f f i c i e n t s .  I t  i s
g e n e r a l l y  agreed  [ 7 3 , 7 5 , 7 8 , 8 2 , 8 3 , 8 8 , 9 8 , 1 0 0 ]  tha t  th e  s c a t t e r i n g
f a c t o r  i n i t i a l l y  i n c r e a s e s  w i t h  i n c r e a s i n g  h e m a t o c r i t ,  r e a c h e s  a 
maximum around a h e m a to c r i t  o f  3 - 0 , 4 5  and then d e c r e a s e s  a g a i n ,
i . e .  a parabolic deperidance on h e m a t o c r i t .  ( J a n s se n  [ 8 3 ]  f i t t e d  an 
e x p o n e n t i a l  dependence  on haem oglob in  c o n c e n t r a t i o n  t o  t h e  s c a t ­
t e r i n g  f a c t o r . )
The dependence of  the  s c a t t e r i n g  c o e f f i c i e n t  on w a v e l e n g t h  and 
oxygen s a t u r a t i o n  i s  not  c l e a r .  Most wrrkers  have d i s m i s s e d  or  
i gnored  t h i s  dependence .  Zdrojkowski  and P i s h a r o t y  [ 1 0 0 ]  c on­
s i d e r e d  t h e  dependance but d i s p e n s e d  w i th  i t  as f o l l o w s :  "We 
assume th a t  s c a t t e r i n g  by e r y t h r o c y t e s  i s  by f a r  the  most  
s i g n i f i c a n t  s c a t t e r i n g  mechanism and t h a t  t h i s  s c a t t e r i n g  i s  
independant o f  oxygen s a t u r a t i o n .  S e c o n d l y ,  s i n c e  t h e  e r y t h r o c ­
y t e s  are  l a r g e  w i t h  r e s p e c t  t o  t h e  o p t i c a l  w a v e le n g th  i n v o l v e d ,
we assume t h a t  s c a t t e r i n g  i s  ind<pendant o f  w a v e l e n g th  o v e r  the  
range o f  i n t e r e s t . "  J anssen  [ 8 3 ]  u s e s  a s i m i l a r  argument ,
n e v e r t h e l e s s ,  he p r e s e n t s  c u r v e s  o f  s c a t t e r i n g  f a c t o r s  in  which  
the  s c a t t e r i n g  of  oxyhaemoglobin  a t  633nm i s  a p p r o x i m a t e ly  t h r e e  
t im es  i t s  v a l u e  a t  805nm at  a haem oglo b in  c o n c e n t r a t i o n  o f  t en  
m i l l i m o l e  pe r  l i t r e !  ( t y p i c a l  f o r  h e a l t h y  human b l o o d ) .  Appendix  
3 p r e s e n t s  and d i s c u s s e s  p u b l i s h e d  v a l u e s  o f  a b s o r p t i o n  and
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m u l t i p l e  s c a t t e r s  must bi taken  i n t o  a c c o u n t .  by m u l t i p l e  
s c a t t e r i n g ,  i t  i s  meant that  each  p a r t i c l e  i s  not  o n l y  exposed  to  
the i n c i d e n t  wave but a l s o  to  waves which o r i g i n a t e  from 
s c a t t e r i n g  by adjacen t  p a r t i c l e s . Lcewinger  [88  s u g g e s t s  t h a t  i f  
the measured a t t e n u a t i o n  ol l i g h t  in  p a s s i n g  through a s c a t t e r i n g  
medium i s  g r e a t e r  than e x p ( - 0 , 1 ) ,  then  m u l t i p l e  s c a t t e r i n g  must  
be assumed.
Most a u t h o r s , when working w i th  th e  problem of both  a b s o r p t i o n  and 
s c a t t e r i n g  in  whole b l o o d ,  assume t h a t  haem oglobin  i s  the  on ly  
ab s o r b in g  age n t  in  whole blood and t h a t  i t s  a b s o r p t i o n  p r o p e r t i e s  
are independant  o f  whether  the haem oglo b in  i s  in  s o l u t i o n  or  
c o n t a in e d  in  the RBC. This  means t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t  
o f  whole  b lood  i s  taken  to be equa l  to  t h a t  o f  haem olysed  b l c o u .
The o,bserved o p t i c a l  d e n s i t y  (or r e f l e c t i o n )  o f  whole b lood  i s  
then used to  c a l c u l a t e  the  s c a t t e r i n g  c o e f f i c i e n t s .  I t  i s  
g e n e r a l l y  agreed  [ 7 3 , 7 5 , 7 8 , 8 2 , 8 3 , 8 8 , 9 8 , 1 0 0 ]  t h a t  the  s c a t t e r i n g
f a c t o r  i n i t i a l l y  i n c r e a s e s  w i t h  i n c r e a s i n g  h e m a t o c r i t ,  r e a c h e s  a 
maximum around a he m a to c r i t  o f  Q 3 - 0 , 4 5  and the:,  d e c r e a s e s  a g a i n ,
i . e .  a p arab o lic  dependant? on h e m a t o c r i t .  ( J a n s se n  [ 8 3 ]  f i t t e d  an 
e x p o n e n t ia l  dependance on haem oglo b in  c o n c e n t r a t i o n  t o  t h e  s c a t ­
t e r i n g  f a c t o r . )
The dependance of  the  s c a t t e r i n g  c o e f f i c i e n t  on w a v e l e n g th  and 
oxygen s a t u r a t i o n  i s  not c l e a r .  Most workers have d i s m i s s e d  or  
ignored  t h i s  dependance . Zdrojkowski  and P i s h a r o t y  [ 1 0 0 ]  con­
s id e r e d  the dependance but d i s p e n s e d  w i t h  i t  as  f o l l o w s :  "We 
assume tha t  s c a t t e r i n g  by e r y t h r o c y t e s  i s  by f a r  th e  most  
s i g n i f i c a n t  s c a t t e r i n g  mechanism and th a t  t h i s  s c a t t e r i n g  i s  
independant o f  oxygen s a t u r a t i o n .  S e c o n d l y ,  s i n c e  t h e  e r y t h r o c ­
y t e s  are l a r g e  w i th  r e s p e c t  t o  th e  o p t i c a l  w a v e l e n g th  i n v o l v e d ,
we assume t h a t  s c a t t e r i n g  i s  ind*pendan t  o f  w a v e l e n g t h  o v e r  the  
range o f  i n t e r e s t . "  Janssen  [ 83] u s e s  a s i m i l a r  argument,
n e v e r t h e l e s s , he p r e s e n t s  c u r v e s  o f  s c a t t e r i n g  f a c t o r s  i r  which  
the s c a t t e r i n g  o f  oxyhaemoglobin a t  633nm i s  a p p r o x i m a t e ly  t h r e e  
t im es  i t s  v a l u e  a t  805nm at a haem og lob in  c o n c e n t r a t i o n  o f  t en  
m i l l i m o l e  per  l i t r e !  ( t y p i c a l  f o r  h e a l t h y  human b l o o d ) . Appendix
3 p r e s e n t s  and d i s c u s s e s  p u b l i s h e d  v a l u e s  o f  a b s o r p t i o n  and
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s c a t t e r i n g  c o e f f i c i e n t s .  S e c t i o n s  3 .5  and 3 . 7  f a r t h e r  c o n s i d e r  
t h e  q u e s t i o n  of  a b s o r p t i o n  and s c a t t e r i n g  c o e f f i c i e n t s .
3 . 3 . 2  Whole Blood
Whole b lood  (o r  n o n - hae m olyse u  b l o o d )  c o n s i s t s  of  a s u s p e n s i o n  of  
r ed  b lo o d  c e l l s  i n  p ln sm a .  M easurement  o f  t h e  a t t e n u a t i o n  o f  
l i g h t  t h r o u g h  whole b lo o d  shows two i m p o r t a n t  r e s u l t s ,  [bb]
( i )  The a t t e n u a t i o n  t h r o u g h  who le  b l o o d  sam p les  i s  
l a r g e r  (up t o  20 t i m e s )  t h a n  t h r o u g h  haemolysed  
b l o o d .
( i i )  W hi le  haemolysed  b l o o d  f o l l o w s  L s m b e r t - B e e r ' s  law,  
whole Mood  d o e s  n o t •
Thus e a r l y  p h o t o m e t r i c  d e t e r m i n a t i o n  of  oxygen  s a t u r a t i o n  f o r  
whole b l o o d  r e q u i r e d  a c a l i b r a t i o n  i n  t e r m s  of  t h e  number of r ed  
b lo o d  c e l l s .  A l though  h a e m o g lo b in  c o n c e n t r a t i o n  1 . t h e  c i r ­
c u l a r  g b lo o d  can change  o v e r  a r e l a t i v e l y  s h o r t  p e r i o d  of  t im e ,  
i t  w i l l  g e n e r a l l y  r em ain  c o n s t a n t • However ,  t h e  p o s s i b i l i t y  of 
changes  i n  o p t i c a l  pr  j e r t i e s  a s  a r e s u l t  of  a ha e m o g lo b in  
c o n c e n t r a t i o n  change  s h o u l d  be b o r n e  i n  mind .
In summary, the  p r o p o g a t i o n  of  l i g h t  t h r o u g h  whole  b lood  i s  
a f f e c t e d  by t h e  two phenomina o f  a b s o r p t i o n  and s c a t t e r i n g .  
A b s o r p t i o n  t a k e s  p l a c e  by t h e  h a e m o g lo b in  i n s i d e  t h e  r ed  b l o o d  
c e l l s ,  w h i l e  s c a t t e r i n g  i s  a r e s u l t  of .ne o f  t h e  g r o s s  p a r t i c l e  
n a t u r e  of  t h e  RBC. A b s o r p t i o n  by t h e  h a e m o g lo b in  d e p e n d s  on 
w h e th e r  t h e  ha em oglob in  i s  o x y g e n a t e d  o r  r e d u c e d  and on th e  
w a v e l e n g t h  of l i g h t  u s e d .  The a b s o r p t i o n  i s  a p r o p e r t y  of  t h e  
ha em oglob in  and i s  n o t  i n f l u e n c e d  by t h e  r e d  b lood  c e l l  c o n c e n t ­
r a t i o n  . Hence a b s o r p t i o n  may be d e t e r m i n e d  f rom haemolysed  b l o o u  
sam p les  and c h a r a c t e r i s e d  by an e x t i n c t i o n  c o e f f i c i e n t .  On t h e  
o t h e r  hand,  s c a t t e r i n g  i s  i n f l u e n c e d  by t h e  r ed  b lood  c e l l s ,  i . e .  
on t h e  h e m a t o c r i t  o f  t h e  b l o o u .
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Anderson  and S e k e l j  [72] a t t e m p t e d ,  to  u se  T w e r s k y ' s  m u l t i p l e  
s c a t t e r i n g  t h e o r y  to  s e p a r a t e  t h e  a b s o r b i n g  and s c a t t e r i n g  
phenomina in  whole b l o o d .  T h e i r  r e s u l t s  ( f i g u r e  3 . 2 )  shows t h a t  
t h e  above  a s s u m p t io n  i s  a p p r o x i m a t e l y  t r u e .  When t h e  a b s o r p t i o n  
f a c t o r  i s  dom inan t ,  e . g .  i n  t h e  u l t r a  / i o l e t  p o r t i o n  ot  t h e  
s p e c t r u m ,  ( f i g t r e  3 . 1 )  t h e n  th e  L a m b er t -B e e r  law i s  a p p r o x i m a t e l y  
s a t i s f i e d ,  and o p t i c a l  d e n s i t y  i s  a l i n e a r  f u n c t i o n  of  haemog­
l o b i n  c o n c e n t r a t i o n ,  w h i l e  i n  t h e  r ed  p o r t i o n  o f  t h e  v i s i b l e
s p e c t r u m ,  a b s o r p t i o n  becomes n e g l i g i b l e  compared t o  s c a t t e r i n g ,  
and o p t i c a l  d e n s i t y  becomes p a r a b o l i c  w i t h  haemoglob in  c o n c e n t ­
r a t i o n  .
3 . 3 . 3  T i s su e
Any " I n  Vivo" measurement  on b l o o d  w i l l  mean t h a t  t h e  e f f e c t  of  
the  s u r r o u n d i n g  t i s s u e  w i l l  have to  be t a k e n  i n t o  a c c o u n t .  A 
s im p le  t e c h n i q u e  s u g g e s t e d  by L o n g i n i  and Zdro jkow sk i  [90] i s  to  
t ake  t h e  r e s u l t a n t  a b s o r p t i o n  and s c a t t e r i n g  f a c t o r s  as  a 
w e i g h t e d  c o m b i n a t i o n  of  t h e  t i s s u e  and b lood  c o e f f i c i e n t s .
T h e r e f o r e  we would i n t r o d u c e  the  i d e a  of a " f r a c t i o n a l  b lood
volume" a s  the  p r o p o r t i o n  of  t h e  t o t a l  i l l u m u n a t e d  volume which 
i s  b l o o d .  The i m p o r t a n t  t i s s u e  i n  p e r i p h e r a l  o x i m e t r y  i s  the  
upper  l a y e r s  oi t h e  s k i n ,  ( s e e  s e c t i o n  2 . 3 . 1 ) .  O b t a i n i n g  r e l i a b l e  
s c a t t e r i n g  and a b s o r p t i o n  c o e f f i c i e n t s  f o r  s k i n  i s  more d i f f i c u l t  
t h a n  f o r  b lood  b e c a u s e :
( I )  The f a c t o r s  c a n n o t  be s im p ly  separated a s  i n  t h e  case  
whole and hemolysed  b lo o d .
( I I )  I t  i s  n o t  s im p le  t o  o b t a i n  ' i n  v i v o '  b l o o d l e s s  human 
s k i n .  I t  h a s  been s u g g e s t e d  t h a t  b l o o d l e s s  s k i n  may 
be a p p rox im a te d  by p r e s s i n g  on t h e  s k i n  s u r f a c e ,  and 
hence  s q e e z l r g  o u t  t h e  b l o o d .  However, t h i s  manoeuvre 
changes  t h e  o p t i c a l  g e o m e t ry .
( i l l )  Skin samples  f rom c a d a c e r s  a r e  more t u r b i d  t h a n  
" l i v i n g  s k i n " .  [21]
fiv) The re  i s  no t  much p u b l i s h e d  d a t a  t o  work w i t h .
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F i g u r e  3 .2  I l l u s t r a t i o n  o f  t h e  r o l e : ,  p l a y e d  by s c a t t e r i n g  
and a b s o r p t i o n .  (a)Non l i n e a r  r e l a t i o n s h i p  b e tw e e n  O.D. 
and Hb c o n c e n t r a t i o n .  ( b ) L i n e a r  r e l a t i o n s h i p  b e tw e e n  O.D. 
and a b s o r p t i o n .  ( c ) P a r a b o l i c  r e l a t i o n s h i p  b e tw e en  O.D. 
and s c a t t e r i n g .  Wavelength  550nm Sample d e p t h  0 ,011cm 
(From Anderson  and S e k e l j  [71] , f i g u r e  6)
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Care  s h o u l d  be e x e r c i s e d  when a c c e p t i n g  " t i s s u e "  [75, 98] v a l u e s  
p r e s e n t e d  i n  the  l i t e r a t u r e ,  a s  t h e  p r e s e n t  a u t h o r  does  no t  
b e l i e v e  t h a t  t h e  o p t i c a l  p r o p e r t i e s  o f  s k i n  ( i . e .  m a i n ly  dead 
c e l l s )  a r e  s i m i l a r  to  t h o s e  of i n t e r n a l  t i s s u e ,  which i s  m a in ly  
f l u i d .  Appendix 3 f u r t h e r  d i s c u s s e s  t h i s  d i s c r e p a n c y .
A f u r t h e r  d i f f i c u l t y ,  i s  t h a t  a s s o c i a t e d  w i t h  h o m o g en e i ty .  Most 
a u t h o r s  have  r e c o g n i s e d  t h a t  l i g h t  p r o p o g a t i o n  th r o u g h  an in h o n o -  
geneous  medium i s  v e r y  much more c o m p l i c a t e d  th a n  t h a t  t h r o u g h  a 
homogeneous medium. Thus t h e  a p p ro a c h  has  a lw ays  been to  assume 
some a v e r a g e  p a r a m e t e r s  ( i . e .  t o  n e g l e c t  t h e  i n h o m o g e n e i t y ) . 
However,  t i s s u e ,  and in  p a r t i c u l a r ,  t h e  s k i n  i s  s t r u c t u r a l l y  
inhomogeneous .  The s k i n  ( s e e  s e c t i o n  2 . 3 . 1 )  c o n s i s t s  o f  an
e p i d e r m i s  l a y e r  (which  i n  i t s e l f  c o n s i s t s  o f  a number of  l a y e r s
o f  d i f f u s i n g  c e l l s )  and t h e  Corium. Benea th  t h e  Coriurn i s  f a t t y  
t i s s u e ,  however ,  as  a f i r s t  a p p r o x i m a t i o n ,  t h e  low er  l a y e r s  may 
be  n e g l e c t e d  s i n c e  i t  i s  u n l i k e l y  t h a t  the  p e n e t r a t i o n  d e p th  of  
l i g h t  p h o t o n s  i s  g r e a t e r  t h a n  t h e  t h i c k n e s s  o f  t h e  above  two s k i n  
l a y e r s .
The a p p ro a c h  of t h e  Kubelka Munk t h e o r y  ( s e e  s e c t i o n  3 . 4 . 2 )  
a u te m p ts  t o  a pproach  the  p rob lem  of in h o m o g e n e i ty  by c o n s i d e r i n g
t h e  medium to be made up o f  a s e r i e s  o f  t h i n  p a r a l l e l  s h e e t s
which  a r e  homogeneous in  t h e m s e l v e s .  However, t h e  p rob lem  geo­
m e t ry  i s  e s s e n t i a l l y  one d i m e n s i o n a l . T a k a t a n i  and Graham [98] 
have  app roached  t h e  p rob lem  of  a two l a y ' r  t i s s u e  model  u s i n g  th e  
d i f f u s i o n  e q u a t i o n .  I h i s  c o n c e p t  a p -' > be p r o m i s i n g , b u t  t h e
p r e s e n t  a u t n o r  was no t  a b l e  t o  o b t a i  m e a n in g fu l  r e s u l t s  from 
t h e i r  e q u a t i o n s . 1
I n  T a k a t a n i  * s d i s s e r t a t i o n  (On t h e  t h e o r y  and d e v e lopm en t  o f  a 
n o n i n v a s i v e  t i s s u e  r e f l e c t a n c e  o x i m e t e r .  Ph .I ) ,  Case W e s te rn  
U n i v e r s i t y .  1 9 7 8 . ) ,  t h e r e  i s  a d i c r e p a n c y  b e tw e en  t h e  e q u a t i o n  
p r e s e n t e d  f o r  t h e  r e f l e c t a n c e  from a two l a y e r  model  ( e q u a t i o n  
2 . 1 7 ,  page 52) and t h e  f i n a l  e q u a t i o n  in  t h e  d e v e lo p m en t  o f  t h e  
model  ( e q u a t i o n  G .4 0 ,  page 268)
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3 . 3 . 4 T r a n s m i s s i o n and R e f l e c t i o n  O x im e t ry .
H o r t  of t h e  e a r l y  work on t l  e d e t e r m i n a t i o n  of  oxygen  s a t u r a t i o n  
i n  t h e  b l o o d  was done u s i n g  t r a n s m i t t e d  l i g h t .  T h i s  method h a s  
t h e  a d v a n t a g e  of  h a v i n g  one d i m e n s i o n a l  g e o m e t r y . Thus t h e  
c l i n i c a l  c a l i b r a t i o n s  were pe r fo rm e d  u s i n g  t h e  L a m b e r t - B e e r  l aw .  
[ 4 5 ,8 0 ,8 6 ]  The b l o o d  was u s u a l l y  h e l d  i n  a g l a s s  c u r v e t t e  and 
hence  the  b ounda ry  a f f e c t s  c o u l d  be n e g l e c t e d . " I n  Vivo" ,  non 
i n v a s i v e  t y p e  o x i m e t e r s  have  been  d e v e lo p e d  [ 9 7 ] .  However ,  t h e  
d i s a d v a n t a g e  of  t h e s e  t y p e s  o f  o x i m e t e r s  i s  t h a t  t h e r e  a r e  o n l y  a 
few l o c a t i o n s  on t h e  body where they  ' an be u s e d . The most  
commonly u s e d  l o c a t i o n  i s  t h e  '  - l o b e .  I t  h a s  a l s o  b e e n  
s u g g e s t e d  [93]  t h a t  t r a n s m i s s i o n  t i m e t r y  migh t  be  c l i n i c a l l y  
used  in  s k i n  f l a p s  d u r i n g  and a f t e  - p l a s t i c  s u r g e r y .  The s k i n  i n  
t h e  e a r  i s  t h i n  and m ea su rem e n ts  a r e  u s u a l l y  t a k e n  i n  a 
v a s o d i l a t e d  c o n d i t i o n  ( e i t h e r  by h e a t i n g  o r  by a d m i n i s t e r i n g  
h i s t a m i n e ) .  [77] Thus t h e  e f f e c t s  of  t h e  t i s s u e  a r e  n e g l e c t e d  
[97] and t h e  L a m b e r t - B e e r  law i s  a p p l i e d .
R e f l e c t i o n  o x i m e t r y  h a s  t h e  a d v a n t a g e  t h a t  i t  can be a p p l i e d  a t  
a lm os t  any l o c a t i o n  in  t h e  body .  The d i s a d v a n t a g e  o f  t h e  method 
i s  t h a t  t h e  s o u r c e  and r e c e i v e r  c a n n o t  be i n  t h e  same s t r a i g h t  
l i n e  and hence  t h e  p rob lem  becomes  two d i m e n s i o n a l  ( p o l a r  
c y l i n d r i c a l  c o - o r d i n a t e s  a r e  used  w i t h  c y l i n d r i c a l  s y m m e t r y . ) 
Thus a more s o h i s t i c a t e d  a n a l y s i s  i s  r e q u i r e d .  R o d r ig o  [95]  
a t t e m p t e d  to  surmoun t  t h i s  p rob lem  by u s i n g  a f o c u s s e d  beam. He 
a rgued  t h a t  unde r  t h e s e  c o n d i t i o n s  o f  i l l u m i n a t i o n ,  t h e  r e f l e c ­
t i o n  w i l l  be " m i r r o r  l i k e " .  However ,  h i s  t r e a t m e n t  does  n o t  
i n v o lv e  t h e  d e e p e r  l a y e r s .  His  " n o r m a l i s i n g  f u n c t i o n "  was t h e  
r a t i o  of r e f l e c t e d  l i g h t  i n  f u l l y  s a t u r a t e d  b l o o d  to  t h e  
r e f l e c t a n c e  a t  t h e  measured  s a t u r a t i o n .  E x te n d in g  t h i s  c o n c e p t  t o  
a two w a v e l e n g t h  m e a s u r in g  s y s te m  (a s  i s  done w i t h  t r a n s m i s s i o n  
ox im e t ry )  [72] i s  d u b i o u s  s i n c e  r e f l e c t i o n  i s  s t r o n g l y  a non 
l i n e a r  f u n c t i o n  of w a v e l e n g t h .  [82,  98]
An i m p o r t a n t  g e o m e t r i c  p a r a m e t e r  i n  r e f l e c t a n c e  o x i m e t r y  i s  t h e
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sample d e p th .  R e f l e c t a n c e  w i l l  i n c r e a s e  w i t h  sample  d e p t h  up t o  
a p p r o x i m a t e l y  3mm a t  which  p o i n t  i t  becomes a s y m p t o t i c  w i t h
d e p t h .  However, t h i s  a s y m p t o t i c  d e p t h  v a r i e s  wih h a e m o g l o b in  
c o n c e n t r a t i o n  and w a v e l e n g t h .  As t h e  a t t e n u a t i o n  of  t h e  i n c i d e n t  
wave change,  ( e i t h e r  a s  a r e s u l t  o f  c h a n g in g  oxygen s a t u r a t i o n ,  
haemoglob in  c o n c e n t r a t i o n  o r  w a v e l e n g t h )  so t h e  l i g h t  w i l l  
p e n e t r a t e  d e e p e r  and t h e  r e f l e c t e d  l i g h t  w i l l  c o n t a i n  i n f o r m a t i o n  
abou t  de e p e r  l a y e r s . In  l o c a t i o n s  s u c h  a s  t h e  f i n g e r ,  t h e  t o t a l
d e p th  of  p e n e t r a t i o n  i s  much l e s s  t h a n  t h e  sample d e p th  and  hence
th e  " i n f i n i t e l y  t h i c k "  sam ple  may be assumed.
3 . 3 . 5  P h y s i o l o g i c a l  f a c t o r s
C h a p te r  2 g i v e s  a b a c k g r o u n d  to  t h e  p h y s i o l o g y  of  t h e  e x t ­
reme t i e  s .  For c o m p l e t e n e s s ,  t h e  p h y s i o l o g i c a l  f a c t o r s  wh ich  would 
a f f e c t  the  o p t i c a l  b e h a / i o u r  o f  t h e  t i s s u e / b l o o d  s y s t e m ,  w i l l  be 
b r i e f l y  r e / i e w e d .  In  o r d e r  to  o b t a i n  m e a n i n g f u l l  r e s u l t s ,  i t  h a s  
been  s u g g e s t e d  [93] t h a t  c e r t a i n  p h y s i o l o g i c a l  c o n v e n t i o n s  be 
a d o p t e d .
In  S e c t i o n  3 . 3 . 3  i t  was shown t h a t  owing to  t h e  d i f f e r e n t  
p r o p e r t i e s  of t i s s u e  and b l o o d ,  t h e  f r a c t i o n a l  volume o f  b l o o d  
p r e s e n t  in  the  i l l u m i n a t e d  volume would  be s i g n i f i c a n t .  T h e r e f o r e  
t h e  a c t u a l  v a s c u l a t u r e  i n  t h e  s i t e  would  be i m p o r t a n t • D i f f e r e n t  
v a s c u l a r  s t r u c t u r e s  i n  d i f f e r e n t  p a r t s  of  t h e  body,  [16]  would 
make i t  d i f f i c u l t  t o  compare m ea s u rem e n ts  t a k e n  a t  d i f f e r e n t  
s i t e s .  In a d d i t i o n  t h e  e x t e n t  o f  v e s s e l  d i l a t i o n  must  be t a k e n  
i n t o  a c c o u n t .  Thus t e m p e r a t u r e  must  be c a r e f u l l y  c o n t r o l l e d .  When 
m easur ing  oxygen s a t u r a t i o n ,  i t  would be d e s i r a b l e  t o  h a v e  a 
s t a n d a r d  v e s s e l  d i l a t i o n .  F u l l  v a s o d i l a t i o n  ( e . g .  by a d m i n i s ­
t e r i n g  h i s t a m i n e )  h a s  b e e n  s u g g e s t e d  [93] .  The h e i g h t  of  t h e  
p e r i p h e r a l  t i s s u e  above  t h e  h e a r t  a l s o  a f f e c t s  t h e  f r a c t i o n a l  
blood volume.
Changes in  haem og lob in  c o n c e n t r a t i o n  and s k i n  p i g m e n t a t i o n  a r e  
known to  a f f e c t  t h e  p r o p o g a t i o n  o f  l i g h t .  D ur ing  s h o r t  p e r i o d s  o f  
m easu rem en ts , i t  can  be  a ssumed  t h a t  t h e s e  f a c t o r s  r e m a in
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c o n s t a n t ,  however f o r  long terra o r  t r e n d  a n a l y s i s , t h e s e  c h a n g e s  
might  become s i g n i f i c a n t .
R e s p i r a t o r y  movements a f f e c t  t h e  v a s c u l a t u r e .  The t i s s u e  g e o m e t ry  
i s  a l s o  i m p o r t a n t .  A two l a y e r e d  model  f o r  s k i n  i s  m en t ioned  i n  
s e c t i o n  3 . 5 .
F i n a l l y ,  the  t r a n s d u c e r  i s  no t  c o m p l e t e l y  n o n - i n v a s i v e .  The 
p r e s s u r e  o f  t h e  t r a n s d u c e r  w i l l  a f f e c t  t h e  b lo o d  f low  t h r o u g h  t h e  
t h i n  p a p i l l a e  c l o s e  t o  t h e  s k i n .  Thus t h e  p r e s s u r e  s h o u l d  be  k e p t  
a s  s m a l l  as  p o s s i b l e  and n o t  be a l l o w e d  t o  v a r y .  F u r t h e r ,  l o c a l  
h e a t i n g  by the  l i g h t  s o u r c e s  s h o u ld  be c o n s i d e r e d .
3 .4  THEORIES OF LIGHT PROROGATION IN BLOOD
3 . 4 . 1  t l u l t i - s c a t t e r i r i R  t h e o r y  [ 7 1 ,8 8 ]
The L a m b er t -B e e r  law ( s e c t i o n  3 . 2 . 1 )  i s  t h e  s i m p l e s t  t y p e  of  
o p t i c a l  a t t e n u a t i o n  law.  I t  i s  o n ly  a p p l i c a b l e  t o  p u r e  s o l u t i o n s ,  
as  i t  does  n o t  t a k e  i n t o  a c c o u n t  t h e  s c a t t e r i n g  by t h e  p a r t i c l e s  
o f  the  medium. The R a l e i g h - s c a t t e r i n g  t h e o r y  h o l d s  f o r  t h e  c a s e  
when t h e  p a r t i c l e  s i z e s  a r e  s m a l l  compared to  t h e  w a v e l e n g t h  o f  
l i g h t  u se d  and h e n c e  only c o n s i d e r s  a s i n g l e  s c a t t e r i n g  o f  an 
i n c i d e n t  wave. However, b lood  does  n o t  f a l l  i n t o  t h i s  c a t e g o r y  a t  
t h e  w a v e l e n g t h s  used  in  o x i m e t r y .  A f u n d a m e n t a l  a p p ro a c h  t o  t h e  
c a s e  of  random m u l t i - s c a t t e r i n g  of  a p l a i n  i n c i d e n t  wave ha s  been  
s t u d i e d  by Twersky.
The d e t a i l s  o f  T w ers k y ' s  t h e o r y  w i l l  n o t  be g i v e n  h e r e ,  b u t  o n l y  
t h e  e s s e n t i a l s ,  a s  they r e l a t e  t o  t h e  a t t e n u a t i o n  o f  l i g h t  i n  
b lood  w i l l  be p r e s e n t e d .  True  a b s o r p t i o n  i s  assumed to  t a k e  p l a c e  
i n  t h e  r ed  b lood  c e l l s  and t h a t  t h e  c h a r a c t e r i s t i c  l e n g t h  o f  t h e  
r e d  b l o o d  c e l l  I s  l a r g e r  t h a n  t h e  w a v e l e n g t h .  Then t h e  L a m b e r t -  
Beer  law w i l l  h o ld  f o r  t h e  i n t e r i o r  of  t h e  c e l l ,  g i v i n g :
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i  ■= e x p ( - B i C d )  ( 3 .^ )
o
w h e r e :
Bi i s  the e f f e c t i v e  a b s o r p t i o n  c r o s s - s e c t i o n .
I q i s  the i n c i d e n t  i n t e n s i t y .
I  i s  the in te n s ity  a f te r  absorption.
The s c a t t e r i n g  phenomina i s  d i v i d e d  up i n t o  coherant  and i n ­
c o h e r e n t  s c a t t e r i n g .  The a t t e n u a t i o n  as  a r e s u l t  o f  c o h e r a n t  
s c a t t e r i n g  a l s o  f o l l o w s  an e x p o n e n t i a l  law.
~  = e x p ( - S d )
lo
The s c a t t e r i n g  c r o s s - s e c t i o n ,  g ,  depends  upon th e  index  of  
r e f r a c t i o n ,  c h a r a c t e r i s t i c  l e n g t h s  o f  s c a t t e r s  and th e  f r a c t i o n a l  
vo lume of t h e  s c a t t e r s ,  ( i . e .  h a e m a t o c r i t  (H) f o r  b l o o d ) .  Hence 
th e  a t t e n u a t i o n  by c o h e r a n t  s c a t t e r i n g  i s
I -  e x p [ - B 2 H (l -H )J  ( 3 . 5 )
Ic
where B? i s  a . - a s l a n t  d e t e r m in e d  by t h e  s i z e  o f  t h e  RBC.
The l i g h t  wh ich  i s  not c o h e r a n t l y  s c a t t e r e d  ( i . e .  i n c o h e r e n t l y  
s c a t t e r e d ) ,  can be  r e c e i v e d  by the  d e t e c t o r . Only t h e  f r a c t i o n ,  
K, o f  t h i s  i n t e n s i t y  w h ic h  i s  s c a t t e r e d  i n t o  t h e  a n g l e  o f  t h e  
cone  which a l lo w s  i t  t o  be d e t e c t e d  must be added t o  ( 3 .  5).  I t s  
c o n t r i b u t i o n  w i l l  be:
I  = U 1  -  e x P [ - B 2 H ( l - H ) d ]  ) ( 3 . 6 )
l o
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The combined e f f e c t  o f  a b s o r b i n g  and s c a t t e r i n g  i s  g i v e n  by th e  
eum o f  t h e i r  r e s p e c t i v e  c r o s s - s e c t i o n s .  In g e n e r a l ,  t h e  a b s o r p ­
t i o n  c r o s s - s e c t i o n  f o r  t h e  i n c o h e r e n t l y  s c a t t e r e d  p o r t i o n  ( 6 3 ) 
w i l l  be d i f f e r e n t  t o  t h a t  f o r  t h e  c o h e r e n t l y  s c a t t e r e d  l i g h t .
Thus we f i n a l l y  o b t a i n  t h e  Twersky f o r m u l a t i o n  f o r  m u l t i p l y  
s c a t t e r e d  waves from e q u a t i o n  3 . 4  - 3 . 6  a s :
y c " e x P l - P j H (1 -H)d] e x p ( - B j C d )
( 3 . 7 )
+ C (1 -  e x p [ - e 2H ( l - H ) d ]  ) expf -B aC d)
i f  we assume Bi ■= 63 [71]
and w r i t e  ( 3 . 7 )  in  terms o f  o p t i c a l  d e n s i t i e s  ( O .D . )  ( i . e .  t a k i n g  
■togs) t h e n  t h e  O.D. c o n s i s t s  o f  two term s  v i z .
O.D. = BiCd + l o g  F ( s )  ( 3 . 6 )
lhP f l r E t  term in ( 3 * 6)  15 e q u i v a l e n t  t o  t h e  Lambert-Beer  law and 
the se con d  term depends  o n l y  on s c a t t e r i n g  p a r a m e t e r s .  I t  i s  
n o n - l i n e a r  w i t h  r e s p e c t  to  both  h a e m a t o c r i t  and o p t i c a l  d e p t h .  
Anderson [71 ]  g i v e s  e x p e r i m e n t a l  e v i d e n c e  t o  s upp ort  e q u a t i o n  3 . 8  
( f i g u r e  3 . 2 ) .
3 0 0  t h e o r y  i s  f u n d a m e n t a l ,  but  b e c a u s e  roost o f  t h e  
pa r a m ete r s  i n v o l v e  q u a n t i t i e s  w h ic h  a r e  v e r y  d i f f i c u l t  t o  measure  
( e . E. c h a r a c t e r i s t i c  l e n g t h s ) .  i t  d o e s  not  p r e s e n t  a p r a c t i c a l  
t h e o r y .  In a d d i t i o n ,  i t  ra not  o b v i o u s  a s  t o  how the  t r a n s d u c e r  
geometry i s  to  be i n c o r p o r a t e d .
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3 . 4 . 2  A P h e n o m e n o lo g ic a l  Approach
An a t t e m p t  t o  overcome t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h e  
f u n d a m e n ta l  a p p r o a c h  of  t h e  p r e v i o u s  s e c t i o n  i s  t o  u se  a 
p h e n o m e n o lo g ic a l  a p p r o a c h  ( a c t u a l l y ,  c h r o n o l o g i c a l l y ,  t h i s  was 
the  f i r s t  a p p r o a c h ) .
The S c h u s t e r  r a d i a t i o n  t h e o r y  a p p r o a c h e s  t h e  p ro b le m  of  s c a t ­
t e r i n g  and a b s o r p t i o n  by d i v i d i n g  t h e  p r o p o g a t i o n  up i n t o  two 
f l u x e s  which a r e  d i r e c t e d  in  o p p o s i t e  d i r e c t i o n s ,  one o f  which i s  
t h e  d i r e c t i o n  of  t h e  i n c i d e n t  wave. A t t e n u a t i o n  of t h e  l i g h t  i s  
assumed to t a k e  p l a c e  i n  a t h i n  l a y e r  which  can  be c h a r a c t e r i s e d  
by an a b s o r p t i o n  and s c a t t e r i n g  f a c t o r . A c c o r d in g  to  t h i s  t h e o r y ,  
t h e  r e f l e c t i o n  from an  " i n f i n i t e l y  t h i c k "  sam ple  i s  g i v e n  by:  
[95]
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and b i s  t h e  f r a c t i o n  of b a c k s c a t t e  d l i g h t  and w i l l  depend on 
t h e  s i z e  of  t h e  p a r t i c l e s .  Expanding  ( 3 . 9 )  u s i n g  a T a y l o r  s e r i e s ,  
i t  can be shown t h a t  to  a f i r s t  a p p r o x i m a t i o n  t h e  r e f l e c t i o n  i s  
i n v e r s e l y  p r o p o r t i o n a l  to  p .
F u r t h e r  deve lopm en t  o f  the  t h e o r y  l e a d s  t o  t h e  Kubelka-Munk 
e q u a t i o n s .  The a s s u m p t i o n s  i n v o l v e d  i n  de i v i n g  t h e s e  e q u a t i o n s
a r e :
( i )  The medium i s  d i v i d e d  up i n t o  a s e r i e s  of  l a y e r s .
Each l a y e r  i s  t h i c k  enough t o  i n c o r p o r a t e  a l l  a b s o r p t i o n
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and s c a t t e r i n g  phenom ina .  The i n t e n s i t y  of  a b s o r b e d  and 
s c a t t e r e d  l i g h t  i s  p r o p o r t i o n a l  t o  l a y e r  t h i c k n e s s .
( i i )  I he sample  i s  assumed to  have  one—d i m e n s i o n a l g e o m e t ry .
( i l l )  The i n c i d e n t  i l l u m i n a t i o n  i s  d i f f u s e  ( i f  t h e  i n c i d e n t  
l i g h t  i s  a c o l l i m a t e d  beam t h e n  t h e  i n t e n s i t y  d i s t r i L -  
u t i o n  w i l l  g r a d u a l l y  c hange  t o  d i f f u s e  w i t h  i n c r e a s i n g  
p e n e t r a t i o n  i n t o  t h e  medium. In t h i s  c a s e  no s i m p l e  
a p p ro a c h  may be a d o p t e d .
Using  th e  above t h r e e  a s s u m p t i o n s  t h e  d i f f e r e n t i a l  e q u a t i o n s  f o r  
t r a n s m i s s i o n  and r e f l e c t i o n  f rom an  e l e m e n t a r y  l a y e r  may be 
w r i t t e n  a s  ( 8 3 J
( 3 . 1 0 )
4 ~  -  ( a+s )R  -  sT (3. 11)
w h e re :
the  a b s o r p t i o n  c o e f f i c i e n t
a -  s c a t t e r i n g  c o e f f i c i e n t
Ihe r e v e r s a l  of  s i g n s  be tw een  3 . 1 0  and 3 .11  j s b e c a u s e  R and T 
a r e  i n  o p p o s i t e  d i r e c t i o n s  ( i . e .  T i s  i n  t h e  d i r e c t i o n  of  
i n c r e a s i n g  x w h i l e  R i s  i n  t h e  d i r e c t i o n  of  d e c r e a s i n g  x)
The s o l u t i o n s  to  ( 3 . 1 0 )  and ( 3 . 1 1 )  a r e  ( 8 3 , 9 0 ] :
6 b
8 ( d ) T(d) S inh(qd ( 3 . 1 2 )
--------   L ----------------------------------------( 3 . 1 3 )
( 'oeh(qd)  * S i n h ( q d )
q / a ( a + 2 s )
d -■ v; aiapl v d e p th
:mj t -■! i : " m i  in' te 1 t h i c k "  sample  ( i e  one f o r  which
I, t h i c k n e ' ' '  : •- much l a r g e r  than  thi  p h o to n  p e n e t r a t i o n  
, ; net i s :
( 3 . 1 5 )
, i . i  • i d  p i  t  i . 1 1 .  The a b s o r p t i o n  f a c t o r  can  be
i a  1c u l a  t od I r . i  t . . t i n .  I ion co. i i  v c i e n t  measured  on ha e m o ly s ed
.>od ( e c v t i o n  1. i . 1) and the  s c a t t e r i n g  f a c t o r s  may be  c a l -  
• r. .n 3.12 -  3.15 The main o b j e c t i o n  to  t h i s  t h e o r y  i s
t e i i m I .  a p p l i c a b l e  to  otn d i m e n s i o n a l  p r o b l e m s .  In  f a c t ,
;: . : , r : i ! be tween  t h i s  s o l u t i o n  and t h e  s o l u t i o n  f o r  t h e  one 
m i . i-l d i f f u s i o n  e q u a t i o n  1100) ( s e e  n e x t  s e c t i o n )  s u g g e s t  
1 ; the Rube l la -M uni  eejuat ion may be  r e g a r d e d  as  a s p e c i a l  c a s e
i tli i ' i.i'T,- , e m r.i 1 a p p r o a c h .  Hi rko e t  a l  [82] s u g g e s t  t h a t  the  
i ad i l l  I i t an.' . from p o i n t  s o u r c e  t o  d e t e c t o r  may be  ap p ­
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r o x i m a t e d  by as su m ing  a d e c r e a s e  i n  i n t e n s i t y  i n v e r s e l y  p r o p e r  
C lo n a l  t o  t h e  s q u a r e  of t h e  r a d i u s  f rom s o u r c e  t o  d e t e c t o r .
M u l t i - l a y e r  models  a r e  s im p l y  t r e a t e d  u s i n g  t h i s  t h e o r y .  Longin l  
and Z d ro jk o w s k i  [90] b r i e t l y  examined a t h r e e  l a y e r  model .
3. 4 ._3 The D i f f u s i o n  E q u a t io n
L o n g in l  and Zdro jkow sk i  [90]  f i r s t  s u g g e s t e d  t h a t  t h e  s c a t t e r i n g  
and a b s o r p t i o n  f a c t o r s  g i v e n  i n  e q u a t i o n s  3 .1 0  and 3 .11  be 
r e l a t e d  t o  t h e  meat f r e e  p a t h  and d i f f u s i o n  c o n s t a n t  which a r e  
employed i n  t h e  d i f f u s i o n  e q u a t i o n .  T h i s  e q u a t i o n  was f i r s t  used 
by S hock ley  t o  model  the  movement o f  f r e e  c a r r i e r s  Ln
c o n d u c t o r s .  The p a r t i a l  d i f f e r e n t i a l  d i f f u s i o n  e q u a t i o n  d e g e n e ­
r a t e s  i n t o  a s im p l e  s e c o r u  o r d e r ,  o r d i n a r y  d i f f e r e n t i a l  e q u a t i  
a o' » ( i . e .
Kubelka Hunk g e o m e t r y ) . Z d ro jk o w s k i  and P i s h a r o t y  [100] have
s o l v e d  t h i s  e q u a t i o n .  The r e s u l t s  f o r  r e f l e c t a n c e  a r e  s i m i l a r  to  
t h o s e  o b t a i n e d  f rom t h e  Rubell  3 . 5 ) .
A s k e t c h  o i  t h e  d e r i v a t i o n  of  t h e  d i f f u s i o n  e q u a t i o n  w i l l  now be 
p r e s e n t e d .  ' h e  t h e o r y  c o n s i d e r s  t h e  d i f f u s i o n  o f  p h o t o n s . I n ­
c i d e n t  p h o t o n s  p e n e t r a t e  t h e  medium utid become s c a t t e r e d .  Tie 
i n c i d e n t  p h o t o n s  w i l l  be dencvad  by P i ,  w h i l e  once t h e y  become 
s c a t t e r e d  t h e y  o b c v th e  d i f f u s i o n  e q u a t i o n s  and a r e  d e s i g n a t t  
p 0> The c o r r e s p o n d i n g  f l u x e "  a r e  F j  and F o -
The i n c i d e n t  f l u x  ( i . e .  r a t e  of  p h o t o n s  c r o s s i n g  a c r o s s -
s e c t i o n a l  a r e a  p e r  u n i t  t im e  i n  a g i v e n  d i r e c t i o n  u ) i s  g i v e n
s im p ly  by:
Pi ( 3 . lb )
where c i s  t h e  v e l o c i t y  of  p h o to n  p r o p o s i t i o n  i n  t h e  medium. The 
d i f f u s s e d  p h o to n  f l u x  i s :
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-  D VP 2 ( 3 . 1 7 )
where D i s  t h e  d i f f u s i o n  c o n s t a n t  and  "  d e l )  i s  t h e  d i v e r g e n c e  
o p e r a t o r .  The mean p h o ton  l i f e t i m e  assumed to  be t h e  sane
f o r  bo th  P 0 and P j .  The c o n t i n u i t y  e q u a t i o n  f o r  p h o t o n s  r e q u i r e s  
t h a t  the  t o t a l  f l u x  i n t o  a g i v e n  volume must  be e q u a . t o  t h e  r a t e  
a t  which p ho tons  a r e  l o s t ,  i . e .
dA (P0 + P, ) dV ( 3 . 1 8 )
Where A i s  t h e  s u r f a c e  e n c l o s i n g  volume V. A pp ly ing  t h e  d i v e r -  
gance  theorem and u s i n g  3 . 1 7  y i e l d s :
D V2 (P2 ) -  Y -  j 1 ( 3 . 1 9 )
The d i f f u s i o n  c o n s t a n t  and l i f e t i m e  a r e  r e l a t e d  t o  t h e  s c a t t e r i n g  
and a b s o r p t i o n  c o n s t a n t s  by [ 8 ^ ,9 0 ]
D -  ( 3 . 2 0 )
T = —  ( 3 . 2 1 )s c
The s o l u t i o n  of  3 .19  depends  on how t h e  i n c i d e n t  p h o to n  d e n s i t y  
1 i ( x »> > z ) i s  c h o s e n . T h i s  i s  i m p o r t a n t  s i n c e  o n l y  randomly  
s c a t t e r e u  p h o to n s  ( i . e .  n o n - s o u r c e )  p h o t o n s  obey t h e  d i f f u s i o n  
e q u a t i o n .  Because  s o u r c e  p h o t o n s  p e n e t r a t e  some d e p t h  i n t o  t h e  
sample ,  a d i s t r i b u t e d  s o u r c e  a c t u a l l y  l y i n g  i n  t h e  medium has 
been  s u g g e s t e d  [100] .  Three  models  f o r  t h e  s o u r c e s  have  been  con­
s i d e r e d  [76] .
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( i )  An e x p o n e n t i a l l y  d e c a y i n g  l i n e  s o u r c e  l y i n g  a l o n g  t h e  
t h e  z a x i s  ( f i g u r e  3 . 3 )  would a p p r o x i m a t e  a s o u r c e  
whose p e n e t r a t i o n  d e p t h  ( e q u a l  t o  l / ( a + s ) ,  s e e  e q u a t i o n s  
3 . 1 0 - 3 . 1 1 )  i s  much l a r g e r  t h a n  t h e  s o u r c e  d i a m e t e r .  A 
na r row  c o l l i m a t e d  s o u r c e  would a p p r o x i m a t e  t o  t h i s  m odel .
( i i )  A u n i fo r m  s o u r c e  whose d i a m e t e r  i s  much l a r g e r  t h a n  i t s  
p e n e t r a t i o n  d e p t h .  T h i s  would be r e p r e s e n t e d  by t h e  
bounda ry  c o n d i t i o n  3 . 2 2 .  T h i s  model w i l l  a p p r o x i m a t e
a d i f f u s e  s o u r c e .
( i i i )  A c y l i n d r i c a l  s o u r c e  whose i n t e n s i t y  d e c r e a s e s  w i t h  
p e n e t r a t i o n  d e p t h  i n t o  t h e  medium.
Model ( i i i )  b e s t  a p p r o x i m a t e s  t o  a r e a l  s o u r c e ,  bu t  i s  t h e  most  
complex t c  t r e a t .
The n e x t  prob lem i s  to  d e c i d e  on t h e  b ounda ry  c o n d i t i o n s .  Most  
a u t h o r s  assume t h a t  t h e  medium i s  homogeneous and " i n f i n i t e l y  
t h i c k "  hence  t h e  p h o to n  d e n s i t y  must t e n d  t o  z e r o  w i t h  i n c r e a s i n g  
d e p th .  The i n t e r f a c e  a t  t t ie  s u r f a c e  of  t h e  medium i s  assumed  to  
be p e r f e c t l y  a b s o r b i n g .  Thus n s in g  c y l i n d r i c a l  p o l a r  c o - o r d i n a t e s  
and r e c o g n i s i n g  t h a t  f o r  a c y l i n d r i c a l  s o u r c e  d e n s i t y ,  P j ,  w i l l  
be z e r o  eve ryw here  on t h e  s u r f a c e  e x c e p t  u n d e r  the  s o u r c e ,  w he re  
i t  w i l l  have u n i f o r m  d e n s i t y  P.
SOURCE
F i g u r e  3. J Geometry f o r  D i f f u s i o n  E q u a t io n
R e f e r r i n g  t o  f i g u r e  3 . 3  we s e e  t h a t  t h e  bounda ry  c o n d i t i o n s  
r e q u i r e  t h a t :
( i )  At the  s u r f a c e  z=0
P i  = 0
P,  = P
r  >R
r<R
( 3 . 2 2 )
( 3 . 2 3 )
(11) a s  z becomes l a r g e ,  Pj  t e n d s  t o  z e r o .
I f  we now r e c o g n i s e  t h a t  t h e  medium i s  s t r u c t u a l l y  inhomogeneous  
and model  t h i s  as  s e v e r a l  l a y e r s  ( s e e  f i g u r e  3 . 4 )  h a v in g  
d i f f e r e n t  o p t i c a l  p a r a m e t e r s ,  t h e n  t h e  b o u n d a ry  c o n d i t i o n s  a t  t h e  
i n t e r f a c e s  be tween  t h e  l a y e r s  must  be  d e f i n e d .  At a b o u n d a ry  
be tween  two l a y e r s  t h e  photon  f l u x  must  be c o n t i n u o u s .  Thus u s i n g  
e q u a t i o n s  3 .1 6  and 3 .1 7  f o r  t h e  i n c i d e n t  and d i f f u s e d  p ho ton
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f l u x e s  we g e t  f o r  t h e  b o u n d a ry  b e tw e e n  l a y e r  1 and l a y e r  2 t h a t :  
[75, 98]
3P,
l a y e r  1 l a y e r  2
(3 14)
c P1 l a y e r  1 C P| l a y e r  2







F i g u r e  3 .7  Boundary C o n d i t i o n s  f o r  2 Laye r  Model
F u r th e r m o r e ,  a second b o u n d a ry  c o n d i t i o n  r e q u i r e s  t h a t  t h e  r a t i o  
of t h e  boundary  pl ioton d e n s i t i e s  b e a r  t h e  f o l l o w i n g  r e l a t i o n s h i p  
to  t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  two l a y e r s .
Where Z i s  t h e  d e p th  of  t h e  i n t e r f a c e  Vj and  Y2 a r e  the  
r e f r a c t i v e  i n d i c e s  o f  t h e  two l a y e r s .  T a k a t a n i  and Graham [98] 
have  found  s o l u t i o n s  f o r  e q u a t i o n  3 . 1 9  s u b j e c t  t o  t h e  b o u n d a ry
c o n d i t i o n s  ( 3 . 2 2  -  3 . 2 6 ) .  They however  do n o t  make i t  c l e a r  a s  to
what  s o u r c e  model t h e y  have u s e d .  T h e i r  r e s u l t s  show t h a t  the
s i g n i f i c a n c e  of  r e f l e c t i o n  from t h e  second  l a y e r  d e p e n d s  upon th e
f o l l o w ! n g :
( i )  I n c i d e n t  w a v e l e n g t h :  The a b s o r p t i o n  c o n s t a n t  i s
w a . e l e n g t h  d e p e n d a n t , and hence  t h e  p e n e t r a t i o n  d e p t h  
of  t h e  p h o t o n s  w i l l  depend upon t h e  c h o i c e  o f  
w a v e l e n g t h  ( f i g u r e  3 . 1 ) .  I f  t h e  p e n e t r a t i o n  d e p t h  
( p e n e t r a t i o n  d e p th  = 1 / [ a + s ] ) i s  c o m p a r a b l e  t o  t h e  
t h i c k n e s s  of t h e  f i r s t  l a y e r ,  t h e n  r e f l e c t a n c e  from 
l a y e r  2 w i l l  be s i g n i f i c a n t .
( i i )  Oxygen s a t u r a t i o n :  For  w a v e l e n g t h s  f o r  w h ich  t h e
a b s o r p t i o n  of  oxy and  r e d u c e d  h a e m o g l o b in  d i f f e r
by a s i g n i f i c a n t  amount ( e . g .  n e a r  650 nm),  t h e n
t h e  p e n e t r a t i o n  d e p th  w i l l  depend  upon t h e  d e g r e e  
o f  oxygen s a t u r a t i o n .
( i i i )  Changes  i n  t h e  f r a c t i o n a l  b l o o d  vo lume:  The 
s c a t t e r i n g  and a b s o r p t i o n  f a c t o r s  ( s e e  a p p e n d i x  3) 
d i f f e r  f o r  b lood  and t i s s u e .  Thus t h e  p e n e t r a t i o n  
d e p t h  w U l  depend on how much o f  e a c h  i s  p r e s e n t .
( i v )  T i s s u e  and t r a n s d u c e r  g e o m e t ry :  The r e l a t i v e  and
a b s o l u t e  t h i c k n e s s  o f  t h e  two l a y e r s  w i l l  i n f l u e n c e  
t h e  amount o f  r e f l e c t a n c e  from t h e  s e c o n d  l a y e r ,  
l o r  a l a y e r  t h i c k n e s s  r a t i o  o f  1mm: 3mm (a good 
a p p r o x i m a t i o n  f o r  a two l a y e r  s k i n  m o d e l ) , t h e
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seco n d  l a y e r  i s  s i g n i f i c a n t .  The s e p a r a t i o n  ( r )  
( f i g u r e  3 . 4 )  be tw een  s o u r c e  and  c o l l e r t o r  i s  
i m p o r t s T t .  As t h e  s e p a r a t i o n  i n c r e a s e s ,  so t h e  
r e f l e c t i o n  from t h e  s e c o n d  l a y e r  w i l l  i n c r e a s e .
3 .5  COMPARISON OF THF.0R1ES
Three  t h e o r i e s  of  l i g h t  p r o p o g a t i o n  t h r o u g h  an a b s o r b i n g  and 
s c a t t e r i n g  medium were d i s c u s s e d  in  s e c t i o n  3 . 4 ,  An inhomogenous 
medium such  as  the  o u t e r  t i s s u e  l a y e r s  of  t h e  human body makes an 
a c c u r a t e  d e s c r i p t i o n  v e r y  c o m p l i c a t e d .  In  o r d e r  to  c o n s t r u c t  f. 
working  model f o r  u se  w i t h  t h e  o x i m e t e r  a b a l a n c e  must be  found  
between a c c u r a c y  and  c o m p l e x i t y ,  where  i t  must  be remembered t h a t  
measurement  of  human s k i n  and b l o o d  p a r a m e t e r s  a r e  o f t e n  d i f ­
f i c u l t  to  r e a l i s e .  I t  i s  t h e r e f o r e  c o n s t r u c t i v e  t o  compare a 
r e l a t i v e l y  s im p l e  model ,  s u c h  a s  t h e  p h e n o m e n o l o g ic a l  a p p r o a c h  to  
a more complex model ,  such  a s  t h e  d i f f u s i o n  e q u a t i o n .  The m ode l s  
a r e  compared w i th  r e s p e c t  t o  c o m p l e x i t y ,  a p p l i c a b i l i t y ,  p r a c t i c a l  
a p p l i c a t i o n  and p r e d i c t e d  r e s u l t s .
3. 5. 1 Co m p le x i ty
The m a t h e m a t i c a l  t r a c t a b i l i t y  o f  t h e  models  i n c r e a s e  by a few 
o r d e r s  of m a gn i tude  when moving f rom  a s i n g l e  d i m e n s i o n a l  model  
to  a t h r e e  d i m e n s io n a l  a p p r o a c h .  The c a s e  where s o u r c e  and 
d e t e c t o r  a r e  in  t h e  same s t r a i g h t  l i n e  and where s c a t t e r i n g  i s  
on ly  a l low e d  in  t h e  l i n e  of  i n c i d e n t  r a d i a t i o n ,  have c l o s e d  form 
s o l u t i o n s .  The p h e n o m e n o l o g i c a l ,  Tw ersky  m u l t i p l e  s c a t t e r i n g  and 
one d i m e n s io n a l  d i f f u s i o n  e q u a t i o n  f a l l  i n t o  t h i s  c a t e g o r y .  When 
t h e  problem geomet ry  i s  e x t e n d e d  to  t h r e e  d i m e n s i o n s ,  t h e  p r o b le m  
no lo n g e r  has  c l o s e d  form s o l u t i o n .  [ 7 6 ,9 8 ]  Even a l t h o u g h  t h e  
geometry  may be r ed u c e d  t o  e s s e n t i a l l y  two d im e n s io n s  by an 
a p p r o p r i a t e  c h o ic e  o f  c o - o r d i n a t e  s y s t e m ,  t h e  s o l u t i o n s  must  
s t i l l  be n u m e r i c a l l y  s o u g h t .  The c o m p l e x i t y  o f  t h e s e  s o l u t i o n s
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i n c r e a s e  r a p i d l y  a s  t h e  s o u r c e  model i s  cha nged  from a l i n e  
s o u r c e  t o  a c y l i n d r i c a l  s o u r c e .  T h i s  o c c u r s  b e c a u s e  a l i n e  
i n t e g r a l  becomes a volume i n t e g r a l ,  which  s i g n i f i c a n t l y  i n c r e a s e s  
t h e  c o m p l e x i t y .
The n u m e r i c a l  s o l u t i o n s ,  b e s i d e s  b e i n g  t e d i o u s  and t i m e  co n ­
suming,  do no t  a l l o w  a p h y s i c a l  u n d e r s t a n d i n g  of t h e  m o d e l .  The 
r o l e s  o f  s c a t t e r i n g  and a b s o r p t i o n  a r e  no t  e x p l i c i t  a s  t h e y  
become merged i n t o  t h e  " d i f f u s i o n  c o n s t a n t "  and " p h o t o n  l i f e  
t im e"  p a r a m e t e r s  o f  t h e  d i f f u s i o n  e q u a t i o n  which  in  t u r n  a p p e a r  
i n  a f a i r l y  complex form i n  the  s o l u t i o n .
3. 5 .2  Ap p l i c a b i l i t y  and Accuracy
As t h e  prob lem geomet ry  i s  o b v i o u s l y  t h r e e  d i m e n s i o n a l ,  a t h r e e  
d i m e n s i o n a l  mode1 would be more a c c u r a t e .  The q u e s t i o n  t h e n  
a r i s e s  a s  to  how w e l l  t h e  s i n g l e  d i m e n s i o n a l  models  a p p r o x i m a t e  
t h e  s i t u a t i o n .  The i m p o r t a n t  a s s u m p t i o n s  i n  t h e  l a t t e r  model  a r e  
t h a t  s c a t t e r i n g  can o n l y  t a k e  p l a c e  i n  t h e  l i n e  o f  i n c i d e n t  
r a d i a t i o n .  T h i s  i m p l i e s  t h a t  p h o to n s  which  a r e  n o t  s c a t t e r e d  in  
t h i s  l i n e  must be c o m p l e t e l y  a b s o rb e d  a s  t h e y  c a n n o t  be a g a i n  
s c a t t e r e d  i n t o  t h e  r e g i o n  of  i n t e r e s t .  In o t h e r  w o r d s ,  a 
c y l i n d r i c a l  medium w i t h  p e r f e c t l y  a b s o r b i n g  w a l l s .  The f i n g e r t i p  
t i s s u e  o b v i o u s l y  does  n o t  f i t  i n t o  t h i s  d e s c r i p t i o n  a s  can be 
e a s i l y  v e r i f i e d  by s im p l y  p l a c i n g  a l i g h t  s o u r c e  a t  t h e  s k i n  
s u r f a c e ;  a b ro ad  r e g i o n  of  i l l u m i n a t i o n  r e s u l t s .
S e c o n d ly ,  b e c a u s e  t h e  d e t e c t o r  i s  n o t  i n  t h e  same l i n e  a s  the  
s o u r c e ,  a l l  t h e  r e c e i v e d  l i g h t  must have  b e e n  s c a t t e r e d  i n  t h r e e  
d m an s io n s ,  i . e . ,  t h i s  type  of  s c a t t e r i n g  i s  p r i m a r y  and  n o t  
s e c o n d a r y  to  t h e  model .
I f  i t  i s  a c c e p t e d  t h a t  s c a t t e r i n g  in  t h r e e  d i m e n s io n s  must  be 
c o n s i d e r e d ,  t h e n  t h e  q u e s t i o n  of t h e  c h o i c e  o f  s o u r c e  model 
a r i s e s .  Three  models  were s u g g e s t e d  in  s e c t i o n  3 . 4 . 3 .  The b e s t  
a p p r o x i m a t i o n  i s  a c y l i n d r i c a l  s o u r c e  which d e c a y s  e x p o n e n t i a l l y  
i n t o  t h e  medium. However , i f  t h e  s o u r c e  d i a m e t e r  i s  s m a l l
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compared to  t h e  s o u r c e  c o l l e c t o r  s e p a r a t i o n  and d e p th  o f  p e n e t ­
r a t i o n  i n t o  t h e  medium, t h e n  a l i n e  s o u r c e  may be u s e d .  The 
s o u rc e  c o l l e c t o r  s e p a r a t i o n  u se d  in  t h e  e x p e r i m e n t s  ( C h a p t e r  5)  
i s  approximate Ly :nm. w h i l e  t h e  s o u r c e  r a d i u s  i s  1,5mm.
3 . 5 . 3  P r a c t i c a l  A p p l i c a t i o n .
As th e  model i s  r e q u i r e d  f o r  p r e d i c t i o n  i n  a r e a l  s i t u a t i o n ,  i t s  
p r a c t i c a l i t y  must  be a s s e s s e d .  T h i s  p r o b le m  i s  i n t i m a t e l y  a s ­
s o c i a t e d  w i th  t h e  q u e s t i o n  o f  p a r a m e t e r  m easu rem en t .  The m u l t i p l e  
s c a t t e r i n g  t h e o r y  r e q u i r e s  p a r a m e t e r s  s u c h  as  t h e  e f f e c t i v e  
a b s o r p t i o n  and s c a t t e r i n g  c r o s s - s e c t i o n s .  T h e s e  a r e  no t  r e a d i l y  
m e a s u r a b l e  and hence  th e  t h e o r y  i s  o f  l i t t l e  p r a c t i c a l  v a l u e .
The r em a in in g  t h e o r i e s  r e q u i r e s  s c a t t e r i n g  and a b s o r p t i o n  pa ra m e ­
t e r s  f o r  t i s s u e  and b l o o d .  Only one of t h e s e  f o u r  p a r a m e t e r s ,  t h e  
a b s o r p t i o n  c o e f f i c i e n t  o f  b l o o d ,  h a s  been  a c c u r a t e l y  m e a s u r e d .  
Values  f o r  t h e  o t h e r  p a r a m e t e r s  h a v e  a p p e a r e d  i n  t h e  l i t e r a t u r e  
but  t h e s e  v a l u e s  show a l a r g e  amount  o f  s c a t t e r  be tw een  d i f f e r e n t  
a u t h o r s  ( s e e  Appendix 3 ) .
The measurement of  human p a r a m e t e r s  i s  h e a v i l y  c o n s t r a i n e d ,  t h u s  
t h e  measurement  p rob lem  i s  n o t  s i m p l e  b e c a u s e ,  f i r s t l y ,  t h e  
a b s o r p t i o n  and s c a t t e r i n g  phenomena must  be s e p a r a t e d  and s e c o n ­
d l y ,  t h e  t i s s u e  and b lo o d  must  be s e p a r a t e d . Blood i s  r e l a t i v e l y  
e a s y  to  i s o l a t e ,  but  t i s s u e  i s  n o t .  e l i m i n a t i o n  of  t h e  b l o o d  
component  was a t t e m p t e d  " i n  v i v o "  by c o m p r e s s i n g  th e  t i s s u e ,  
he nce  f o r c i n g  t h e  b lo o d  o u t  of  t h e  s u p e r f i c i a l  U l a r i e s .
However, the  r e s u l t s  o b t a i n e d  a r e  u n r e l i a b l e  becav  . o p t i c a l  
geometry i s  changed when t h e  t i s s u e  i s  compress  I t  i s  
s u g g e s t e d  t h a t  p a r a m e t e r  v a l u e s  w i l l  h a v e  t o  be o b t a i n e d  v i a  an 
i n d i r e c t  method where t h e  f r a c t i o n a l  b l o o d  volume i s  changed  by a 
f i x e d  amount in  a c o n t r o l l e d  e x p e r i m e n t a l  e n v i r o n m e n t .  C o r ­
r e l a t i o n  between  the  o x i m e t e r  r e s u l t s  and an i n d e p e n d e n t  method
o f  measurement ( S e c t i o n  2 . 8 . 2 )  would a l l o w  v a l u e s  t o  be c a l ­
c u l a t e d  .
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3 . 5 . 4  P r e d i c t e d  O u t p u t s .
’r o b a b l y  t h e  most  i m p o r t a n t  p o i n t  when c o m p a r in g  t h e  m o d e l s  i s  to  
: o n s i i e r  t h e i r  o u t p u t s .  The d e c i s i o n  t o  a d o p t  a s i m p l e r  model  
Lies m a i n ly  in  i t s  a b i l i t y  t o  c l o s e l y  r e p r e s e n t  a more comp- 
l i c a t e d  m ode l .  The p r e d i c a t i o n s  o f  t h e  Kubelka  [ 9 0 ] ,  one d i m e n -  
s i o n a l  d i f f u s i o n  [100]  and t h e  t h r e e  d i m e n s i o n a l  d i f f u s i o n  
e q u a t i o n  u s i n g  a l i n e  s o u r c e  [76]  a r e  p r e s e n t e d  i n  f i g u r e s  3 . 5  
and 3 . 6 .  At p r e s e n t ,  t h e  main i n t e r e s t  i s  n o t  t o  o b s e r v e  a b s o l u t e  
v a l u e s  of  r e f l e c t i o n ,  b u t  r a t h e r  t o  s t u d y  t h e  manner  i n  w h i c h  
r e f l e c t i o n  c h a n g e s  w i t h  v a r i a t i o n s  i n  t h e  o p t i c a l  p r o p e r t i e s  o f  
the  medium ( s e e  s e c t i o n  3 . 6 ) .  T h e r e f o r e ,  i n  o r d e r  t o  f a c i l i t a t e  
c o m p a r i s o n ,  t h e  c u r v e s  i n  f i g u r e  3 . 5  end  3 . 6  h a v e  b e e n  n o r m a l i s e d  
to  a S c a l e  of  ( 0 - 1 ) •
F i g u r e  3 . 5  p r e s e n t s  t h e  v a r i a t i o n  o f  n o r m a l i s e d  r e f l e c t a n c e  w i t h  
s c a t t e r i n g  f a c t o r .  A " t h i c k "  l a y e r  h a s  ^ e e n  a s su m e d ,  t h e  a b s o r p ­
t i o n  c o e f f i c i e n t  n a s  b e e n  a r b i t r a r i l y  s e t  t o  0 , 5  and s o u r c e  
c o l l e c t o r  s e p a r a t i o n  i n  t h e  t h r e e  d i m e n s i o n a l  model  t o  5 , 0 .  (U o te  
t h a t  t h e  u n i t  c h o s e n  f o r  a b s o r p t i o n  and  s c a t t e r i n g  c o e f f i c i e n t s  
and t h e  s o u r c e  d e t e c t o r  s e p a r a t i o n  a r e  u n i m p o r t a n t ,  so  l o n g  as  
th ey  a r e  a l l  m e a s u r e d  i n  t h e  same u n i t .  The above  v a l u e s  were  
chosen  w i t h  t h e  u n i t  o f  l e n g t h  b e i n g  t h e  m i l l i m e t r e . )  F i g u r e  3 . 6  
shows t h e  v a r i a t i o n  o f  r e f l e c t i o n  w i t h  a b s o r p t i o n  c o e f f i c i e n t .  
The s c a t t e r i n g  c o e f f i c i e n t  was c h o s e n  t o  be 1 , 0  and t h e  s o u r c e  
d e t e c t o r  s e p a r a t i o n  r e m a in e d  5 , 0 .  C h a n g in g  t h e  a b s o r p t i o n  c o e f ­
f i c i e n t  o v e r  a r a n g e  o f  0 , 0 5  t o  1 . 0  and  t h e  s c a t t e r i n g  c o e f -  
f i c i e n t  i n  f i g u r e  3 . 6  o v e r  a . a n g e  of  0 , 1  t o  1 , 0  d o e s  n o t  
s i g n i f i c a n t l y  c h a n g e  t h e  fo rm  of  t h e  c u r v e s .  V a r i a t i o n s  i n  t h e  
s o u r c e  c o l l e c t o r  s e p a r a t i o n  do a f f e c t  t h e  c u r v e s  b u t  f o r  s e p a r a ­
t i o n s  g r e a t e r  t h a n  0 , 5  (same u n i t s  a s  a b o v e ) ,  t h e  fo rm s  of  t h e  
c u r v e s  a r e  e s s e n t i a l l y  t h e  same .  A l s o ,  a c c u r a t e  d e d u c t i o n s  c a n n o t  
be o b t a i n e d  from t h e  t h r e e  d i m e n s i o n a l  model  a t  s m a l l  s e p a r a t i o n s  
b e c au s e  t h e  s o l u t i o n s  a r e  n o t  " w e l l  b e h a v e d "  f o r  t h e  s e p a r a t i o n
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The f i r s t ,  o b s e r v a t i o n  t o  n o t e  i s  t h a t  t h e  p r e d i c t i o n s  o f  the  
t h r e e  d i m e n s io n a l  model  d i f f e r  c o n s i d e r a b l y  from t h e  one dimen­
s i o n a l  t h e o r i e s ,  e s p e c i a l l y  i n  f i g u r e  3 . 5  where  a maximum e x i s t s  
i n  t h e  fo rm er  c a s e  b u t  t h e  l a t t e r  a r e  m o n o t o n i c a l l y  i n c r e a s i n g  
w i t h  s c a t t e r i n g  f a c t o r .  T h i s  d i f f e r e n c e  i s  c r i t i c a l  i n  a t r e n d  
m o n i t o r i n g  e, . i ronment"  where t h e  dynamic b e h a v io u r  i s  exam ined ,  
a s  an i n c r e a s e  i n  o p t i c a l  p a r a m e t e r s  ( e . g .  f r a c t i o n a l  b lood  
volume) i n  one model  would he i n t e r p r e t e d  as  a d e c r e a s e  i n  t h e  
o t h e r .
Second ly ,  the  d i f f e r e n c e s  i n  r a t e s  o f  c h a n g e  of  r e f l e c t a n c e  w i t h  
t h e  opM ul  p r o p e r t i e s  s h o u l d  be n o t e d ,  t o g e t h e r  w i t h  t h e  r a n g e s  
of p a ra m e t e r  v a l u e s  o v e r  w h ich  r e f l e c t a n c e  i s  s i g n i f i c a n t .  T h i s  
p o i n t  i s  i m p o r t a n t  when p a r a m e t e r  v a l u e s  d e r i v e d  from one t h e o r y  
a r e  t r a n s p o r t e d  t o  a n o t h e r  t h e o r y .
3 .6  absolute: AND TREND ANALYSIS
O r i g i n a l l y  o x im e t ry  was i n v e s t i g a t e d  and d e v e lo p e d  [ 7 2 , 8 0 , 8 6 ]  i n  
o r d e r  t o  be a b l e  t o  o b t a i n  a b s o l u t e  m easu rem en ts  o f  t h e  oxygen 
s a t u r a t i o n  of b lood  s a m p l e s . E m p i r i c a l ,  non l i n e a r  nomograms were 
d e ve lope d  which were  a b l e  t o  d e t e r m i n e  t h e  oxygen s a t u r a t i o n  of  
whole b lood  to  w i t h i n  2% [ 7 2 ] .  By means o f  t r a n s d u c e r  d e s i g n  and 
a n a lo g u e  e l e c t r o n i c  c i r c u i t s ,  [ 7 8 , 8 4 , 9 7 ]  d i r e c t  r e a d i n g s  of  
oxygen s a t u r a t i o n ,  h a e m o g lo b in  c o n c e n t r a t i o n  and dye d i l u t i o n  
c u r v e s  a r e  o b t a i n a b l e  v i a  o p t i c  f i b r e  c a t h e t e r  o x i m e t e r s .  The 
a c c u r a c y  of  the  r e a d i n g s  (2%) i s  p e r f e c t l y  a c c e p t a b l e  f o r  
c l i n i c a l  a p p l i c a t i o n s .
I t  t h e r e f o r e  a p p e a r s  t h a t  t h e  p h o t o m e t r y  p rob lem  h a s  been  s o l v e d  
f o r  t h e  ca se  of  whole b l o o d .  What has  n o t  been  i n v e s t i g a t e d  i s  
t h e  pho tom e t ry  p r o b le m  i n  t h e  p r e s e n c e  of  d i f f e r i n g  l a y e r s  of  
t i s s u e  i n t e r m i n g l e d  w i t h  c a p i l l a r i e s ;  e a c h  c a p i l l a r y  c a r r y i n g  
b lood  of  a d i f f e r e n t  oxygen s a t u r a t i o n .  A b s o l u t e  measurement  i n  
t h i s  ca.-e, a r e  a lm o s t  i m p o s s i b l e  b e c a u s e ;
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( i )  The Inhom oge ne i ty  p r e s e n t  i n  t h e  t i s s u e  > . r u c t u  
can  o n ly  be a p p r o x i m a t e d .
( I I )  T i s s u e  s c a t t e r i n g  and  a b s o r p t i o n  p a r a m e t e r s  a r e  
d i f f i c u l t  t o  m ea s u re .
( I I I )  The s t r u c t u r e  and geom et ry  of  t h e  b l o o d  v e s s e l s  i s  
n o t  known and v a r i e s  f rom i n d i v i d u a l  t o  i n d i v i d u a l .
( l v )  P h y s i o l o g i c a l  f a c t o r s  a f f e c t  t h e  s t a t e  of  d i l a t i o n  
c o n s t r i c t i o n  of  t h e  v a s c u l a t u r e .  These  f a c t o r s  a r e  
n o t  f u l l y  u n d e r s t o o d .
(v)  The oxygen s a t u r a t i o n  v a r i e s  b e tw e e n  c a p i l l a r i e s  and 
h e n c e  on ly  a mean v a l u e  can  be  hoped f o r .  The 
dynamics  of  t h e  change  i n  s a t u r a t i o n  i n  r e s p o n s e
t o  c hanges  i n  v a s c u l a t u r e  and  m e t a b o l i c  r e q u i r e m e n t s
i s  n o t  known.
( v i )  The p h y s i c a l  laws g o v e r n i n g  t h e  o p t i c a l  b e h a v i o r  a r e  
much more c o m p l i c a t e d  and no s i m p l e ,  v a l i d  t h e o r y  i s
a v a i l a b l e .
a r e s u l t  of  t h e  a bove ,  t h e  b e s t  t h a t  can  be e x o e c r . d  f rom 
t o m e t r i c  m easu rem en ts  t h r o u g h  s k i n  I s  t o  be a b l e  t o  o b s e r v e  
nds and t h e  g e n e r a l  form o f  r e s p o n s e  t o  v a r i o u s  s t i m u l i .  I t  I s  
,r e l a t e d  t h a t  by u s i n g  a two l a y e r  r e f l e c t a n c e  model  i n  
. j u n c t i o n  w i t h  a lumped p a r a m e t e r  p h y s i o l o g i c a l  m o d e l ,  an 
i e r s t a n d l n g  of  t h e  p e r i p h e r a l  b l o o d  f low  phenomina may be
t a i n e d •
i s  h y p o t h e s i s e d  t h a t  as  an a d e q u a t e  oxygen  s u p p l y  i s  e s s e n t i a l  
r  c e l l  l i f e  and t h e  c a r d i o v a s c u l a r  and r e s p i r a t o r y  s y s t e m s  
m p r i s e  an I n t e g r a t e d  sy s te m  t h r o u g h o u t  t h e  body ,  t h a t  
t h o l o g i c a l  ( o r  o t h e r )  changes  In  one  p a r t  of  t h e  body  wi
_ KnHv. F u r t h e r m o r e ,  one may a r g u e  t i o .
s i n c e  the  p e r i p h e r a l  t i s s u e  r e p r e s e n t s  a c o m p a r a t i v e l y  "non 
e s s e n t i a l "  and hence  p o t e n t i a l l y  " d i s p o s a b l e "  t i s s u e  mass,  any  
changes  w i l l  f i r s t  be  r e f l e c t e d  h e r e .
Commonly measured v a r i a b l e s  f o r  c l i n i c a l  u se  ( e . g .  t e m p e r a t u r e ,  
b lood  p r e s s u r e ,  h e a r t  r a t e )  a r e  c o n t r o l l e d  v a r i a b l e s ,  and h e n c e  
any a d v e r s e  phenomina w h ic h  a f f e c t  t h e s e  v a r i a b l e s  w i l l  o n l y  be 
d e t e c t a b l e  onc^ t h e y  have  d e g r a d e d  t o  s u c h  a d e g r e e  t h a t  f u r t h e r  
c o m pe nsa t ion  v i a  t h e i r  r e s p e c t i v e  c o n t r o l l e r s  i s  n o t  p o s s i b l e .  
T h e r e f o r e  i t  may be p o s s i b l e  by m o n i t o r i n g  t h e  p e r i p h e r a l  
v a s c u l a t u r e  to  d e t e c t  t h e s e  phenomina  a t  an e a r l y  s t a g e  when 
t r e a t m e n t  w i l l  be s i m p l e r .  I t  s h o u l d  be e m phas ized  a t  t h i s  p o i n t ,  
t h a t  t h e  above a rgum ent  i s  a h y p o t h e s i s .  The p e r i p h e r a l  c h a n g e s  
have  n o t  been c l e a r l y  i d e n t i f i e d .  T i n e  t r a c e s  of  the  o u t p u t s  
e x h i b i t  p e r i o d i c  b e h a v i o u r ,  f o r  example  t h e  h e a r t  r a t e  i s  c l e a r l y  
v i s i b l e .  O t h e r s  such  as  t e m p e r a t u r e  rhy th m  can  be  s e e n ,  b u t  a r e  
n o t  e a s i l y  e x t r a c t e d  from t h e  raw d a t a .  The s p e c t r a l  work i n  
s e c t i o n  5 . 5  examines t h i s  p o i n t  f u r t h e r .  I t  i s  t h o u g h t  t h a t  by 
examin ing  l a r g e  amounts  of  d a t a  f rom h e a l t h y  and  v a r i o u s  p a t h o l o ­
g i c a l  p a t i e n t s ,  t h a t  some c o r r e l a t i o n  w i l l  be found .  Such 
measurements  may be o b t a i n e d  u s i n g  a non i n v a s i v e  type  r e f l e c t i o n  
o x i m e t e r .  Be fo re  such an a t t e m p t  can  be made, i t  i s  i m p o r t a n t  
t h a t  t h e  o u t p u t  f rom such  an  i n s t r u m e n t  i s  b e t t e r  u n d e r s t o o d .
3. 7  DISCUSSION AND CONCLUSIONS
The i n v e s t i g a t i o n  p r e s e n t e d  i n  t h e  p r e c e d i n g  s e c t i o n s  i n t o  
e x i s t i n g  models  i n d i c a t e  many i n a d e q u a c i e s .  There  a r e  m a jo r  
q u a l i t a t i v e  and q u a n t i t a t i v e  d i f f e r e n c e s  b e tw e en  t h e  p r e d i c t i o n s  
o f  the  s im p l e  and more complex  m o d e l s .  Ex t rem e  c a r e  must  be 
e x e r c i s e d  when a c c e p t i n g  a s i n g l e  d i m e n s i o n a l  model i n  p l a c e  of  a 
t h r e e  d i m e n s io n a l  model .  T h i s  can o n l y  be j u s t i f i e d  when t h e  
s o u rc e  and d e t e c t o r  a r e  v e r y  c l o s e  t o g e t h e r .  T h i s  may o c c u r  i f  a 
f i b r e  o p t i c  t r a n s d u c e r  s y s t e m  i s  u sed  i n  w h ich  t h e  s o u rc e  and 
c o l l e c t o r  b u n d le s  a r e  i n t e r m i n g l e d .  However ,  i n  t h e  p r e s e n t  c a s e  
where commerical  LEDs a r e  u s e d ,  t h i s  a p p r o x i m a t i o n  i s  no t  v a l i d .
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The major  d i f f e r e n c e s  o c c u r  be c ause  of t h e  manner  i n  which l i g h t  
i s  r e c e i v e d  by t h e  d e t e c t o r .  I n  t h e  one d i m e n s i o n a l  m o d e l s ,  
s c a t t e r i n g  i s  on ly  p e r m i t t e d  i n  t h e  same l i n e  a s  t h e  i n c i d e n t  
beam, w he re as  i n  t h e  t h r e e  d i m e n s i o n a l  model  the  d e t e c t o r  
r e c e i v e s  r e f l e c t e d  l i g h t  as  a r e s u l t  of  s c a t t e r i n g  of  p h o t o n s  o f f  
t h e  l i n e  of  i n c i d e n t  r a d i a t i o n .  I t  p r o v e s  c o n v e n i e n t  to  c o n s i d e r  
t h e  h e u r i s t i c  model i l l u s t r a t e d  i n  f i g u r e  3 .7 .
SOURCEDETECTOR
P a t h  L eng th  
B e f o re  S c a t t e r i n g
F i g u r e  3 . 7  H e u r i s t i c  Model of  3- D i m e n s i o n a l  Geom etry.
Only t h o s e  p h o t o n s  s c a t t e r e d  i n t o  t h e  cone ,  a n g l e  «  may be 
r e c e i v e d  by t h e  d e t e c t o r .  T h e r e f o r e  a s  t h e  p a t h  l e n g t h  b e f o r e  
s c a t t e r i n g  i n c r e a s e s  ( i . e .  t h e  s c a t t e r i n g  c o e f f i c i e n t  d e c r e a s e s ) ,  
so ct w i l l  i n c r e a s e .  However, f o r  a f i x e d  a b s o r p t i o n  c o e f f i c i e n t ,  
t h e  pho ton  d e n s i t y  d e c r e a s e s  e x p o n e n t i a l 1y w i t h  d i s t a n c e  i n t o  the  
medium. Thus i t  i s  c l e a r  t h a t  as  t h e  s c a t t e r i n g  c o e f f i c i e n t  i s  
d e c r e a s e d ,  t h e  r e f l e c t a n c e  w i l l  i n i t i a l l y  i n c r e a s e ,  r e a c h  a 
maximum and then  d e c r e a s e .  M a t h e m a t i c a l l y  t h i s  c o n c e p t  i s  r e p ­
r e s e n t e d  by:
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R = A e x p ( B / S c a t )  x a r c  t a n ( C / S c a t )
wliere i n  f i g u r e  3 . 8 ,
A = 1 , 6 6 ;  B -  - 0 ,  055;  C « 0, 177
A c o m p a r i s o n  of  t h i s  e q u a t i o n  and t h e  l i n e  s o u r c e  model  i s  g i v e n  
i n  f i g u r e  3 . 8 .  In  c o n t r a s t  t o  t h i s  e x p l a n a t i o n ,  t h e  one dimen­
s i o n a l  model  p r e d i - t s  t h a t  t h e  s h o r t e r  t h e  p a t h  l e n g t h  t o  t h e  
f i r s t  s c a t t e r  ( i . e .  t h e  g r e a t e r  t h e  v a l u e  of  t h e  s c a t t e r i n g  
c o e f f i c i e n t ) ,  the  l a r g e r  t h e  r e f l e c t a n c e .  Hence t h e  s t r i c t  
i n c r e a s e  i n  r e f l e c t a n c e  i n  f i g u r e  3 . 5 .
The second o b s e r v a t i o n  c o n c e r n s  t h e  c h o i c e  o f  p a r a m e t e r  v a l u e s .
In  t h e  t h r e e  d i m e n s i o n a l  m ode l ,  r e f l e c t a n c e  d rops  o f f  s h a r p l y
w i t h  a b s o r p t i o n  c o e f f i c i e n t s  r e s u l t i n g  i n  an e x t r e m e l y  s m a l l
r e f l e c t a n c e  f o r  an a b s o r p t i o n  c o e f f i c i e n t  g r e a t e r  t h a n  0 , 5 ,
w h e r e a s  i n  t h e  one d i m e n s i o n a l  cas«. v a r i a t i o n s  a r e  e a s i l y
d e t e c t a b l e  up t o  c o e f f i c i e n t  v a l u e s  of  2 , 0 .  T h i s  p o i n t  i s
i m p o r t a n t  when u s i n g  p u b l i s h e d  v a l u e s ,  a s  t h e s e  a r e  u s u a l l y
o b t a i n e d  from a one d i m e n s i o n a l  m o d e l .  P u b l i s h e d  b l o o d  a b s o r p t i o n
- 1
c o e f f i c i e n t s  v a ry  from a p p r o x i m a t e l y  0 , 3  (mm ) t o  ab o v e  2 , 0  
(mm ) .  The p r e d i c t i o n  from t h e  t h r e e  d i m e n s i o n a l  model o v e r  t h i s  
r a n g e  i s  v e ry  d i f f e r e n t  f rom t h e  s i n g l e  d i m e n s i o n a l  m o d e l .
The d i f f e r e n c e s  a r e  more p o i g n a n t  i n  t h e  c a s e  o f  t h e  s c a t t e r i n g  
f a c t o r ,  a s  t h e  s l o p e  i n  f i g u r e  3 . 5  c h a n g e s  a t  a r e l a t i v e l y  low 
v a l u e  (compared t o  t h e  p u b l i s h e d  o n e ) .  T h i s  means t h a t  i n  t h e  
" p h y s i o l o g i c a l  r a n g e " ,  an i n c r e a s e  i n  s c a t t e r i n g  f a c t o r  i n  th> 
t h r e e  d i m e n s io n a l  model  would  r e s u l t  i n  a d e c r e a s e  i n  r e f l e c t a n c e  
w h i l e  t h e  model  f rom which  t h e  v a l u e s  were d e r i v e d  p r e d i c t  an 
i n c r e a s e .
In  o t h e r  words i t  i s  q u e s t i o n a b l e  a s  t o  w h e th e r  t h e  v a l u e s  
o b t a i n e d  from a s i m p l e  model may b e  u s e d  i n  a more complex  m o d e l .  
A l though  a c c u r a t e  v a l u e s  a r e  n o t  r e q u i r e d  f o r  t r e n d  m o n i t o r i n g
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R •= A e x p ( B / S c a t )  x a r c t a n ( C / S c a t )
wtiere i n  f i g u r e  3 , 8 ,
A = 1 , 6 6 ;  B = - 0 ,  055;  C = 0, 177
A c o m p a r i s o n  of  t h i s  e q u a t i o n  and t h e  l i n e  s o u r c e  model  i s  g i v e n  
i n  f i g u r e  3 . 8 .  I n  c o n t r a s t  t o  t h i s  e x p l a n a t i o n ,  t h e  one  d imen­
s i o n a l  model  p r e d i c t s  t h a t  t h e  s h o r t e r  t h e  p a t h  l e n g t h  t o  t h e  
f i r s t  s c a t t e r  ( i . e .  t h e  g r e a t e r  t h e  v a l u e  o f  t h e  s c a t t e r i n g  
c o e f f i c i e n t ) ,  the  l a r g e r  t h e  r e f l e c t a n c e .  Hence t h e  s t r i c t
i n c r e a s e  in  r e f l e c t a n c e  i n  f i g u r e  3 .5 .
The second  o b s e r v e . io n  c o n c e r n s  t h e  c h o i c e  o f  p a r a m e t e r  v a l u e s . 
In  t h e  t h r e e  d i r o e n s i i n a l  m o d e l ,  r e f l e c t a n c e  d r o p s  o f f  s h a r p l y  
w i t h  a b s o r p t i o n  c o e f f i c i e n t s  r e s u l t i n g  i n  an  e x t r e m e l y  s m a l l  
r e f  l e c t a i .  f o r  an a b s o r p t i o n  c o e f f i c i e n t  g r e a t e r  t h a n  0 , 5 ,  
w h e r e a s  t h e  one  d i m e n s i o n a l  c a s e  v a r i a t i o n s  a r e  e a s i l y
d e t e r  t a b l e  up t o  c o e f f i c i e n t  v a l u e s  of  2 , 0 .  T h i s  p o i n t  i s
i m p o r t a n t  when u s i n g  p u b l i s h e d  v a l u e s , a s  t h e s e  a r e  u s u a l l y  
o b t a i n e d  from a one d i m e n s i o n a l  model .  P u b l i s h e d  b l o o d  a b s o r p t i o n
—  l
c o e f f i c i e n t s  v a ry  from a p p r o x i m a t e l y  0 , 3  (mm ) t o  ab o v e  2 , 0  
(mm 1 ) .  The p r e d i c t i o n  from t h e  t h r e e  d i m e n s i o n a l  model  o v e r  t h i s  
r a n g e  i s  v e ry  d i f f e r e n t  f rom t h e  s i n g l e  d i m e n s i o n a l  m o d e l .
The d i f f e r e n c e s  a r e  more p o i g n a n t  i n  t h e  c a s e  o I  t h e  s c a t t e r i n g  
f a c t o r ,  a s  t h e  s l o p e  i n  f i g u r e  3 . 5  ch a n g es  a t  a r e l a t i v e l y  low
v a l u e  (compared t o  t h e  p u b l i s h e d  o n e ) .  T h i s  means  t h a t  i n  t h e  
" p h y s i o l o g i c a l  r a n g e " ,  an i n c r e a s e  i n  s c a t t e r i n g  f a c t o r  i n  t h e  
t h r e e  d i m e n s io n a l  model would  r e s u l t  i n  a d e c r e a s e  i n  r e f l e c t a n c e  
w h i l e  t h e  model  from which  t h e  v a l u e s  were d e r i v e d  p r e d i c t  an 
i n c r e a s e .
In  o t h e r  words i t  i s  q u e s t i o n a b l e  a s  t o  w h e t h e r  t h e  v a l u e s  
o b t a i n e d  from a s i m p l e  model  may b e  u se d  in  a more complex m o d e l . 
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p u i p o s t  s ,  the  o p e r a t i n g  r e g i o n  must  b e  a p p r o x i m a t e l y  known 
b e c a u s e  o f  t h e  g r o s s  n o n - l i n e a r i t i e s  p r e s e n t .  T h i s  i s  b o r n e  out  
by c o n s i d e r i n g  ch a n g es  i n  p e r i p h e r a l  f r a c t i o n a l  b l o o d  v o l u m e .  
F i g u r e  3 . 9  shows t h e  model  p r e d i c t e d  r e f l e c t a n c e ,  u s i n g  p u b l i s h e d  
p a r a m e t e r  v a l u e s  ( a p p e n d i x  3)  a t  a w a v e l e n g t h  of  940nm and a t  
t h r e e  d i f f e r e n t  oxygen s a t u r a t i o n  l e v e l s .  The l i n e  s o u r c e  model
t h  t h e  f o l l o w i n g  p a r a m e t e r  v a l u e s : ( s ee a p p e n d i x  3 )
absorption o f oxybaemoglobin 0,85 mm*"1
absorption o f reduced haemoglobin 0,59 mm-1
scattering o f  blood 1,50 rmr1
absorption o f tissu e 0,03 imf1
scattering o f  tissu e 1,00 rmf1
The curves show that reflectance decreases with increased frac­
tional blood volume. However, the resu lts o f section 5.4 indicate 
that when the hand i s  heated, both channel’s outputs Increased. 
P hysiologically, i t  i s  well known (section 2 .6 .1 ) that a local 
increase in temperature w ill resu lt in an increased blood flow. 
This, -'gpther with the Interpretation o f the other resu lts pres­
ented in chapter 5, suggests that the oximeter output should inc­
rease with increase in fractional blood volitne. The structure o f  
the measurement model allows for such behaviour provided that the 
absorption and scattering parameters are changed from the values 
presented above. At present there i s  in su ffic ien t experimental 
da^a to support such a change. An accurate determination of the 
parameter values i s  important and as such forms part o f the rec­
ommendations for further work.
I t  would therefo re  appear th a t i t  i s  important to  obtain  b e tte r  
values fo r the  param eters. In the past much emphasis has been 
placed on developing so lu tions to  complex models, with l i t t l e  
work on experim entally verify ing  i t s  p red ic tio n s. I r  other 
words, i t  i s  not desirab le  th a t the model accuracy should grea tly  
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Tt is  in terestin ' * : investigate how the above set o f parameters 
would have to be adjusted in order to obtain qualitative  
concurrence between predicted and experimental resu lts . It is  
clear that in order to obtain an Increased reflectance when 
fraction-' blood volume Increases, the contribution from the 
blood compartment must exceed that from the skin compartment.
Thus, the relevant aspect is  the re la tiv e  magnitudes o f the 
absorption and scattering parameters in the two compartments.
In the discussion presented below, the absorption co effic ien ts  
for blood are kept within the published range, while the 
absorption co e ffic ien t for skin is  modified to l i e  outside the 
published range (see appendix 3). The scattering co effic ien ts  for 
both blood and skin are pushed to th e ir  respective lim its .
Tills approach was adopted because the values for blood absorption 
have been well established , uh lle  those for skin have not been 
extensively measured. Previous measurements have neglected the 
e ffec ts  of t issu e  type [98], wavelength and melanin concentration 
[75]. Hie scatterin g  co effic ien ts  have been largely deduced 
frorr. one dimensional models.
Figures 3.5 and 3.6 suggest the d irection  and magnitudes o f the 
changes required. The model i s  operating on the right hand 
portion o f the peaked curve in figure 3 .5 . Hence, i t  i s  
in tu itiv e ly  obvious that both the scattering and absorption 
co effic ien t for skin must increase in order to obtain the 
desired output. Figure- 3.10 shows the output from the node] 
at an oxygen saturation of 70? under the following conditions:
Absorption C oefficient (mm1) Scattering C oefficient (mm1)
HbOz Hb Tissue B1 ood Skin
Curve (a) 0 ,85 0,59 0,7 0 ,5 2,0
Curve (b) 0,85 0,59 0,4 0 ,5 5,5








All the curves in figure 3.10 exhibit an increased reflectance with 
increased blood volume. Curve (a) i l lu s tr a te s  the e ffe c t  o f  
increasing the skin absorption by a factor o f twenty while r-etaining 
the other parameters within the published ranges. Curves (b) and (c) 
show the e ffe c t  o f  varying the scattering c o e ff ic ie n ts . Values at 
the extreme o f the published ranges can a ffec t the model’s 
qu alitative response, although the se n s it iv ity  to these parameters 
does decrease at these values (c . f .  curves (b) and ( c) ) .  In 
addition, the non-linear behaviour o f the curves i llu s tr a te  the 
importance o f  defin ing the operating region (esp ecia lly  in (b) 
and (c)) .
In sunrary, when published parameter values are used, the output 
from the model is  q u a lita tive ly  Inccnslstart with experimental 
resu lts . However, Increasing the absorption c o effic ien t o f skin  
by a factor o f between fifte en  to twenty brings about q u alitative  
concurrence. Scattering co effic ien ts  a ffec t the output to a 
lesser  degree. Thus, before rejecting  the model structure, more 
careful consideration should be placed on the measurement o f the 
parameters.
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CHAPTER 4 HARDWARE DK SCRIPT ION
4 . 1  INTRODUCTION
 B lS J jg » d  f o r  A c q u l r l n c  . n j  S t o r l n r  I l . r , .
‘ I,e l n U l a l  “ ° rk o£ T u r n e r  a, ,d “ i g d o r o w i t z  [99J and s u b s e q u e ,  
a p e c t r a l  work =£ Dr G a r n e r  s u g g . s r e d  t h a t  more I n f o r m a t i o ,  
c o n c e r n in g  th e  r e s p i r a t o r y  and  v a s c u l a r  s y s t e m s ,  c o u ld  be ex t  
m e t e d  from the  o x i m e t e r  m e a s u r e m e n ts .  However , t h e s e  measure  
c e n t s  c o u ld  not  s i m p l y  be u s e d  in  t h e i r  raw form,  b u t  r e q u i r e  
some form of  p r o c e s s i n g .  At t h i s  s t a g e  a l l  r e s u l t s  were v i e w e d  o 
a c h a r t  r e c o r d e r  w h ic h ,  w h i l e  g i v i n g  a q u a l i t a t i v e  i n d i c a t i o n  o 
t h e  phenomenon, were n o t  r e a l l y  a m e n i a b l e  t o  a n a l y s i s .
The p r e s e n t  p r o j e c t  was I n i t i a t e d  s o  a s  t o  f u r t h e r  i n v e s t i g a t ,  
t h e  o x i m e t e r .  A f t e r  some p r e l i m i n a r y  work ,  a imed m a i n ly  a ,  
v e r i f y i n g  and r e p r o d u c i n g  t h e  p r e v i o u s  r e s u l t  q u o t e d  a bove ,  ( a l s c  
s e e  C hap te r  5 ) ,  i t  was found  t h a t  t h e s e  r e s u l t s  were n o t  a lw ays  
r e p r o d u c i b l e .  I t  was d e c i d e d  t h a t  i n  o r d e r  t o  s y s t e m a t i c a l l y  
a n a l y s e  t h e  d a t a ,  r e c o r d s  o f  e x p e r i m e n t s  s h o u l d  be n u m e r i c a l l y  
s t o r e d  so a s  t o  be a v a i l a b l e  f o r  f u r t h e r  a n a l y s i s .  C o n s e q u e n t l y  
t h e  d a ta  c a p t u r e  s y s te m  ( s e c t i o n  4 . 4 )  was a s s e m b le d .
4 . 1 . 2  The I n s t r u m e n t a t i o n
When the  o u t p u t s  f rom  t h e  o x i m e t e r  were g r e a t l y  a m p l i f i e d ,  
p u l s a t i l e  b e h a v io u r  c o u l d  be o b s e r v e d  ( s e e  f i g u r e s  5 . 1 4  and  
These have t h e  a p p e a r a n c e  o f  a b lo o d  p r e s s u r e  p u l s e .  I f  
t h e s e  p u l s e s  c o u ld  be c o r r e l a t e d  w i t h  known b lood  p r e s s u r e  
p u l s e s ,  they  cou ld  be more p o s i t i v e l y  i d e n t i f i e d ,  h e n -e  l e n d i n g
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g r e a t e r  c r e d i t  l i t y  t o  t h e  o x i m e t e r .  I t  had a l s o  been  p o s t u l a t e d  
t h a t  i n  o r d e r  t e x t r a c t  more i n f o r m a t i o n  from t h e  o x i m e ^ r  
o u t p u t s , a phy o l o g i c a  model  would be r e q u i r e d .  A u s e f u l  i n p u t  
to  such  a model  would be t h e  p u l s a t i l e  b lo o d  p r e s s u r e .
The above  two p o i n t s  were t h e  main m o t i v a t i o n s  f o r  c o n s t r u c t i n g  a 
d e v ic e  t o  m o n i t o r  t h e  p u l s a t i l e  b lood  p r e s s u r e .  The p u l s e  m o n i t o r  
i s  d e s c r i b e d  i n  s e c t i o n  4 . 2  The o x i m e t e r  i t s e l f  i s  d e s c r i b e d  in  
s e c t i o n  4 . 3 ,  w h i l e  t h e  d a t a  c a p t u r e  s y s te m  i s  d i s c u s s e d  in  
s e c t i o n  4 . 4
4.2  THE PULSE MONITOR
4 . 2 . 1  The T r a n s d u c e r
iiany c o m m e r c i a l l y  a v a i l a b l e  t r a n s d u c e r s  c o u ld  have  s e r v e d  t h e  
r e q u i r e d  p u r p o s e .  However ,  a s  a r e s u l t  of  l a c k  o f  f u n d s  an d  th e  
n a t u r e  of  t h e  p r o j e c t ,  a s i m p l e  i n e x p e n s i v e  d e v i c e  was d e v e l o p e d • 
An o bv ious  s i t e  f o r  t h e  m easu rem en ts  i s  t h e  r a d i a l  a r t e r y  a s  i t  
p a s s e s  t h r o u g h  t h e  w r i s t s  b e c a u s e :
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( i )  i h e  a r t e r y  i s  n e a r  t h e  s k i n  s u r f a c e  and  he nce  t h e  s i g n a l  i s  
amenable  t o  m e a s u r e m e n t .
( i i )  T h i s  s i t e  i s  c l o s e  t o  t h e  f i n g e r  ( t h e  s i t e  o f  m easu rem en t  
f o r  the  o x i m e t e r )  and h ence  s p a t i a l  l a g s  c o u l d  be i g n o r e d
The f i r s t  a r r a n g e m e n t  a t t e m p t e d  i n v o l v e d  t h e  use  of  s t r a i n  g a u g e s  
and a p l u n g e r ,  a s  shown i n  f i g u r e  4 . 1 .  However ,  t h e  mass o f  t h e  
p l u n g e r  and s p r i n g  c o n s t a n t  of  t h e  c a n t i l e v e r  proved  to  s u p p r e s s  
any r e s p o n s e .
The second  a r r a n g e m e n t ,  and one a d o p t e d  was t o  u se  a P h i l l i p s  
c e ramic  gramophone p i c k u p .  The s t y l u s  was removed from i t s  
s e a t i n g  and r e p l a c e d  by a f l a t  pad,  moulded from P r a t l e y  expoxy  
( se e  f i g u r e  4 . 2 ) .
A f i x - v ’l o u r s  s t r a p  was f i x e d  to  t h e  p i c k u p  so  a s  t o  e n a b l e  i t  t o  
bo s im p ly  a t t a c h e d  to  t h e  w r i s t .  I t  i s  u s u a l l y  n e c e s s a r y  t o  
a d j u s t  t h e  p o s i t i o n i n g  of  t h e  p i ck u p  u n t i l  a s a t i s f a c t o r y  o u t p u t  
i s  o b t a i n e d .
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S t r a i n  Gauge
0 , 5mm T r a n s f o r m e r  
L a m i n a t i o n
P l u n g e r
S t e e l
S t r i p
F i g u r e  4 .1  S t r a i n  Gauge P u l s e  M o n i t o r .
T e r m i n a l s C a s i n g
P i e z o e l e c t r i c
C r y s t a l .
'xy Pad
F i g u r e  4 .2  Gramophone P i c k u p  P u l s e  M o n i t o r .
AH
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4 . 2 . 2  The E l e c t r o n i c S i g n a l  P r o c e s s i n g
The s i g n a l s  a s s o c i a t e d  w i t h  t h e  p i c k u p  o u t p u t  a r e  low i e ^ e l  and 
have  a h i g h  s o u r c e  im p e d a n ce . T h e r e f o r e ,  t h e  i i r s t  s t a g e s  of 
a m p l i f i c a t i o n  s h o u l d  gu a rd  a g a i n s t  n o i s e  i n t e r f e r e n c e .  The c i r ­
c u i t  d i ag ra m  i s  g i v e n  in  f i g u r e  4 . 3 .  The f r o n t  end of  t h e  c i r c u i t  
i s  a s t a n d a r d  I n s t r u m e n t  a m p l i f i e r  c o n f i g u r a t i o n .  The two non­
i n v e r t i n g  a m p l i f i e r s  a t  t h e  i n p u t  a r e  l o c a t e d  p h y s i c a l l y  on top 
o f  t h e  p i c k u p  and so b u f f e r  t h e  t r a n s d u c e r  i n p u t .  The f i r s t  
s t a g e s  low s o u r c e  impedance ,  t o g e t h e r  w i t h  t h e  low i n p u t  im­
pedance  of t h e  s e c o n d  s t a g e  e n s u r e  a s u b s t a n t i a l  c u r r e n t  i n  tne  
( r e l a t i v e l y  l o n g )  c o n n e c t i n g  w i r e s  and h e n c e  r e d u c e  t h e  e f f e c t s  
o f  e l e c t r o m a g n e t i c  i n t e r f e r e n c e .  In  o r d e r  t o  m in i m i s e  t h e  mecha­
n i c a l  f o r c e s ,  t h e s e  w i r e s  were chosen  to  be a s  l i g h t  a s  p o s s i b l e .  
C o n s e q u e n t l y  i n s u l a t e d  Lewraex copper  w i r e  of  d i a m e t e r  0 , 0 0 8 4  i n c h  
(London E l e c t r i c  Wire  Company and Sm iths  L i m i t e d )  was u s e d .  The 
second  s t a g e  i s  f o l l o w e d  by a d i f f e r e n t i a l  a m p l i f i e r  w h ic h  i s  
a l s o  aimed a t  r e d u c i n g  common mode i n t e r f e r e n c e .
The p i e z o e l e c t r i c  t r a n s d u c e r  a c t s  a s  a h i g h  p a s s  f i l t e r  and hence  
t o  r e c o n s t r u c t  t h e  o r i g i n a l  s i g n a l ,  a low p a s s  f i l t e r  i s  i n c l u d e d  
i n  t h e  f o u r t h  s t a g e .  The t ime  c o n s t a n t  o f  t h i s  i n t e g r a t o r  was 
made a s  l a r g e  a s  p o s s i b l e  i n  o r d e r  t o  m atch  t h e  t im e  c o n s t a n t  of 
t h e  t r a n s d u c e r .  The o v e r a l l  s t e p  r e s p o n s e  i s  shown i n  f i g u r e  4 . 4 .
The f i n a l  s t a g e  p r o v i d e  e x t r a  g a in  and a v a r i a b l e  D.C o f f s e t .  
T h i s  D.C. a d j u s t m e n t  i s  r e q u i r e d  so a s  t o  a l l o w  : tie o u t p u t  to  be 
c o m p a t i b l e  w i t h  t h e  d a t a  c a p t u r e  f a c i l i t y ,  w h ic h  w i l l  o n l y  a c c e p t  
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4. 3 THE OXIMETER
4. 3. 1 An o. 'erv' iew
As has  p r e v i o u s l y  been p o i n t e d  o u t ,  ( C h a p t e r  1 ) ,  t h e  b a s i c  
o x i m e te r  was deve lo ped  a s  an u n d e r g r a d u a t e  p r o j e c t .  Thus f u l l e r  
d e t a i l s  may be found in  r e f e r e n c e  [ 9 9 j . In  t h i s  s e c t i o n  o n l y  t h e  
s a l i e n t  f e a t u r e s  w i l l  be d i s c u s s e d .
The i n s t r u m e n t  i s  a two w a v e l e n g t h  o x i m e t e r ,  u s i n g  s o u r c e s  i n  t h e  
r ed  and i n f r a - r e d  p o r t i o n s  of  t h e  s p e c t r u m .  For  r e a s o n s  of  
economy, c o m m e rc i a l l y  a v a i l a b l e  l i g h t  e m i t t i n g  d i o d e s  (LEDs) were 
used i n  p l a c e  of  the  more c o n v e n t i o n a l  (and more a c c u r a t e )  s i n g l e  
s o u rc e  w i t h  i n t e r f e r e n c e  f i l t e r s .  Added a d v a n t a g e s  o f  u s in g  LEDs 
a r e  t h a t ;  < L) 1 he c o n v e n t i o n a l  m e c h a n i c a l  l i g h t  c hopp ing  a r r a n ­
gement (used  so as  to  e n a b l e  low l e v e l  s i g n a l  a m p l i f i c a t i o n )  may 
be d i s p e n s e d  w i th  and r e p l a c e d  by an e l e c t r o n i c  s w i t c h i n g  n e tw o rk  
which i s  s y n c h r o n i z e d  w i th  t h e  d e t e c t o r  c i r c u i t s .  ( 2 )  T h e i r  s m a l l  
s i z e  e n s u r e s  t h a t  bo th  s o u r c e s  i l l u m i n a t e  a p p r o x i m a t e l y  t h e  same 
r e g i o n .  I f  f i b r e  o p t i c  s o u r c e s ,  i n  p a r t i c u l a r ,  i f  f i b r e  b u n d l e s  
a r e  used t h i s  f a c t o r  would be f u r t h e r  e n h a n c e d .
The d i s a d v a n t a g e s  of  t h i s  t y p e  o f  s o u r c e  l i e  i n  t h e f r  s p e c t r a l  
p r o p e r t i e s .  F i r s t l y  t h e i r  b a n d w id th  ( t y p i c a l l y  60-80nm) i s  l a r g e r  
than  t h a t  o b t a i n a b l e  u s i n g  i n t e r f e r e n c e  f i l t e r s .  Second ly  t h e  
c h o ic e  of  peak e m i s s i o n  w a v e l e n g t h  i s  l i m i t e d .  F o r t u n a t e l y  
c o m m e rc i a l l y  a v a i l a b l e  LEDs a r e  a v a i l a b l e  which  e m i t  i n  t h e  r ed  
and i n f r a - r e d  r e g i o n .  The r ed  LED h a s  a peak  o u t p u t  a t  6 50mn 
which i s  i d e a l ,  bu t  t h e  i n f r a - r e d  LEDs peak  a t  940ma which  i s  
c l o s e  bu t  no t  a t  t h e  i s o b e s t i c  w a v e l e n g t h  ( 8 0 5 n n ) .
The b lo ck  d iag ram of  the  o x i m e t e r  i s  g i v e n  i n  f i g u r e  4 . 5 .  A 
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and low p a s s  f i l t e r e d  ( c u t o f f  f r e q u e n c y  5KHz).
A D.C. o f f s e t  i s  a l s o  p r o v i d e d .  The red  and i n f r a - r e d  c h a n n e l s  
a m  t h e n  s e p a r a t e d  u s i n g  s w i t c h e s  SI and S? w h ic h  a r e  s y n -  
c h r o n i z e d  to  the  LED d r i v i n g  c i r c u i t s .  Peak d e t e c t o r s  and sam ple  
and h o l d s  a r e  p r o v i d e d  i n  e a c h  o f  t h e  c h a n n e l s .  These  a r e  
i n c l u d e d  s i n c e  t h e  l i g h t  o u t p u t  f rom th e  LEDs i s  n o t  a s t e p  b u t  
has  a f i n i t e  r i s e  t im e ,  ( f i g u r e  4 . 6 ) .  F i n a l l y ,  low p a s s  f i l t e r i n g  
i s  used  to  e l i m i n a t e  h i g h e r  f r e q u e n c y  i n t e r f e r e n c e  (mains  and 
s w i t c h i n g  n o i s e ) .  The c o m p l e t e  (and m o d i f i e d )  c i r c u i t  d i a g r a m  i s  
g iv e n  i n  f i g u r e  4. 7
j .  2 M o d i f i c a t i o n s
Somn m o d i f i c a t i o n s  were made t o  t h e  o r i g i n a l  c i r c u i t .  These  a r e  
main ly  t .  m i c a l  and do no t  s i g n i f i c a n t l y  a f f e c t  t h e  o v e r a l l  
p e r fo rm a n c e ,  on ly  t h e  more m ajo r  c h a n g e s  a r e  r e p o r t e d  h e r e .
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F i g u r e  4 . 6  Response  j f t h e  P h o t o t r a n s i s t o r .  The o s c i l l o s c o p e  
t r a c e  shows the  f i n i t e  r e s p o n s e  t im e  of  t h e  p h o t o t r a n s i s t o r .
The p h o t o g r a p h  shows a p u l s e  f rom t h e  i n f r a -  r3<l s o u r c e  f o l l o w e d  
by one f rom the  r ed  LED (hence  t h e  d i f f e r e n t  a m p l i t u d e s  o f  t h e  











ine or ig ina l  instrument u,,x->r d b i n c i e  o u tp u t ,  which was
d i f f e r e n c e  between the  red and i n f r a - r e d  c h a n n e l s .  I t  woul, 
appear t h a t  combining t h e s e  two s i g n a l s  would r e s u l t  i n  a l o s s  o 
i n fo r m a t i o n .  It  i s  a l s o  d o u b t f u l l  as  to whether t h i s  i s  the besi  
way to combine the s i g n a l s .  ( S e c t i o n  3 . 2 . 3  s u g g e s t s  a r a t i o  ol 
the  two s i g n a l s ) .  Therefore  the  s u b t r a c t i o n  network was removed.
A new p r i n t e d  c i r c u i t  l a y o u t  was d e s ig n ed  by Dr Garner. The major 
aim of  the new d e s i g n  i s  to  m od u lar i se  the  d e t e c t o r  c i r c u i t  so 
th a t  they would c o n v e n i e n t l y  f i t  i n t o  a s tandard  rack .  E v e n tu a l ly  
many d e t e c t o r s  c ou ld  be l o c a t e d  at  d i f f e r e n t  l o c a t i o n s  on the  
body and s im ultaneous  measurements taken .  A s i n g l e  s w i t c h i n g  
c i r c u i t  would supply  a l l  the d e t e c t o r s .  Many d e c o u p l in g  c a p a c i ­
t o r s  were added to t h i s  d e s i g n  t o  reduce  the malns-borne  
i n t e r f e r e n c e  caused by the s w i t c h i n g  c i r c u i t s .
The weak l i n k  in  the o r i g i n a l  d e s ig n  had always  been the
tran sd ncer  geometry ,  o t h e r  g e o m e t r i e s  were t r i e d  and are d i e -  
cussed  in  s e c t i o n  4 . 3 .  3.
To a id  in th e  e l i m i n a t i o n  of  n o i s e  I n t e r f e r e n c e  i n  the low l e v e l
tran sd ucer  s i g n a l s ,  a b u f f e r  a m p l i f i e r  was mounted on the  a c t u a l
t r a n s d u c e r .  I t s  low output impedance d r i v i n g  the low input
impedance o f  the f i r s t  s t a g e  o f  t h e  o x i m e t e r  c i r c u i t r y  s e r v e s  the
same p u r p o s e  a s  t h a t  u sed  f o r  t h e  p u l s e  m o n i t o r  ( s e e  s e c t i o n  
4. 2. 2 ) .
An ■•auto-zero" f a c i l i t y  was i n c l u d e d  in  t h e  d e s i g n  o f  T u r n e r  and 
K i g d o r o w l t z .  The J u s t i f i c a t i o n  f o r  t h i s  was t h a t  any d i s t u r b a n c e
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i n  t h e  t r a n s d u c e r  would r e s u l t  i n  a D.C. s h i f t .  Th is  c i r c u i t r y  
was d e s i g n e d  to  m in im is e  t h i s  o f f s e t . However, t h i s  in tr o d u ce d  
unwanted dynamics  i n t o  t h e  s y s t e m .  C a r e fu l  d e s i g n  o f  the t r a n s ­
du c e r  made t h i s  s e c t i o n  u n n e c e s s a r y  and hence  i t  was removed.
An on-board  o s c i l l a t o r  was p r o v i d e d  f o r  the  LED d r i v i n g  c i r c u i t s .  
( P r e v i o u s l y  the  d r i v i n g  waveform was d e r i v e d  from a microp­
r o c e s s o r  c l o c k  and f r e q u e n c y  d i v i d e  c i r c u i t s . )  A l l  the LED
d r i v i n g  c i r c u i t r y  was moved t o  a s e p a r a t e  board .T he  c i r c u i t
d iagram  f o r  theOSCll l a t c r  i s  g i v e n  i n  f i g u r e  4 . 8 .  The o u tp u ts  "a" 
and "b" r e f e r  to f i g u r e  5, page  17 i n  r e f e r e n c e  [ 9 9 ] .
The s a m p l in g  FE1 t r a n s i s t o r  i n  t h e  sample and h o ld  c i r c u i t
( t r a n s i s t o r  Q3 i n  f i g u r e  8 ,  p a g e  24 i n  [ 9 9 ] )  was found to
m a l f u n c t i o n  f o r  h i g h  "hold" v o l t a g e  l e v e l s .  The problem was
t r a c e d  to  t h e  d r i v i n g  c i r c u i t  f o r  t h i s  p a r t i c u l a r  t r a n s i s t o r
( f i g u r e  6 ( a ) ,  page 17 i n  [ 9 9 ] ) .  The d r i v i n g  c i r c u i t  did not  a l l o w  
t h e  t r a n s i s t o r  to  be turned on when t h e  output  from the  sam pler  
neared  s a t u r a t i o n .  Thus t h e  c i r c u i t  ( f i g u r e  6 ( a ) ,  i n  [ 9 9 ] )  was 
m o d i f i e d  t o  t h a t  g i v e n  i n  f i g u r e  4 . 9 .
As t h e  data  a q u i s i t i o n  s y s t e m  was t o  be a sampled da ta  sys tem ,  a
low p a s s  f i l t e r  was added t o  t h e  o u t p u t s  o f  th e  sample  and h o l d s  
w i t h  a c u t o f f  f r e q u e n c y  of  10 Hz. T h i s  v a l u e  was c h o s e n  as  i t  i s  
u n l i k e l y  t h a t  t h e r  are  body rhythms above 10 Hz. Hence th e  
s a m p l i n g  r a t e  fo r  s p e c t r a l  p u r p o s e s  need be 20 Hz.
F i n a l l y  a wooden rack was c o n s t r u c t e d  to  house  a l l  th e  c i r c u i t r y .  
F i v e  power s u p p ly  t e r m i n a l s  were  p r o v i d e d  (4-12V, -12V, 4-15V, -15V 
and g r o u n d ) .  A p l a s t i c  3M c o n n e c t o r  a l l o w s  the t r a n s d u c e r  t o  be  
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F i g u r e  4 . 9  FET D r i v e r s .
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4. 3. 3 T r a n s d u c e r  D>'siRn
The g e o m e t ry  of  t h e  t r a n s d u c e r  i s  o f  c r i t i c a l  i m p o r t a n c e  i n  t h e  
p r o p e r  f u n c t i o n i n g  o f  t h e  o x i m e t e r .  I d e a l l y ,  i t  s h o u l d  n o t ,  in  
any way,  d i s t u r b  t h e  b lood  f low  in t h e  t i s s u e  to  which i t  i s  
a t t a c h e d .  T h e r e f o r e ,  t h e  p r e s s u r e  t h a t  i t  e x e r t s  s h o u l d  be k e p t  
a t  a minimum. However , a t  t h e  same t im e ,  i t  s h o u l d  not  move 
r e l a t i v e  t o  t h e  t i s s u e  s u r f a c e ,  s i n c e  any movement r e s u l t s  in  
m e a n i n g l e s s  r e s u l t s .  In a d d i t i o n  th e  g e o m e t r i c a l  r e l a t i o n s h i p  
b e tw e en  s o u r c e  and d e t e c t o r  w i l l  i n f l u e n c e  t h e  i n t e n s i t y  of 
b a c k s c a t t e r e d  l i g h t  (and  he nce  s i g n a l  t o  n o i s e  r a t i o )  and the  
d e p t h  o f  p e n e t r a t i o n  of  t h e  beam. The t h e o r y  r e q u i r e s  t h a t  the  
i n t e r f a c e  a t  t h e  s k i n  s u r f a c e  be p e r f e c t l y  a b s o r b i n g ,  t h e r e f o r e ,  
t h e  t r a n s d u c e r  h o l d e r  s u r f a c e  s h o u l d  be b l a c k .
The o r i g i n a l  t r a n s d u c e r  was not  s a t i s f a c t o r y  as i t  c o u l d  no t  be 
e a s i l y  k e p t  i n  p l a c e .  F u r th e r m o r e  i t  d id  not  p r o d u c e  r e l i a b l e  
o u t p u t . I t  used  c o m m e r c i a l l y  a v a i l a b l e  p h o t o - t r a n s i s t o r s ,  and 
LED's p l a c e d  i n  a moulded P r a t  l e y  epoxy h o l d e r .  A m a jo r  drawback 
of  t h e  d e t e c t o r  i s  i t s  poor  r e s p o n s e  i n  t h e  red r e g i o n .
Two new t r a n s d u c e r  d e s i g n s  were t r i e d .  F i r s t l y ,  i t  was a t t e m p t e d  
to  s i m u l a t e  a p o i n t  s o u r c e  s u r r o u n d e d  by a r i n g  of  d e t e c t o r s :  
( f i g u r e  4 . 1 0 ) .  Four  TIL 63 p h o t o - t r a n s i s t o r s ,  f o u r  red  LED's,  
(TIL 209)  and a s i n g l e  i n f r  r ed  (TIL 3 2 ) ,  ( s e e  a p p e n d ix  6 f o r  
d e t a i l e d  d a t a ) , were  p l a c e d  on a p r i n t e d  c i r c u i t  b o a r d .  Th i s  
method d id  n o t  work w e l l ,  p r i m a r i l y  b e c a u s e  t h e  i n d i v i d u a l  
components  a r e  p h y s i c a l l y  t o o  l a r g e .  I t  i s  s u g g e s t e d  t h a t  suc h  a 
s y s t e m  m igh t  be f e a s i b l e  u s i n g  f i b r e . o p t i c  b u n d l e s .  The i n f r a - r e d  
and red  s o u r c e  b u n d l e s  c o u l d  be i n t e r m i n g l e d  in  o r d e r  t h a t  b o th  
s o u r c e s  i l l u m i n a t e  t h e  same r e g i o n .  The d e t e c t o r  would be 
c o n s t r u c t e d  from an a n n u l u s  o f  f l o r e  o p t i c  c l u s t e r s ,  s u r r o u n d i n g  
t h e  s o u r c e  c l u s t e r .  T h i s  would b e t e r  a p p ro x im a te  t o  t h e  geometry  
o f  t h e  t r a n s d u c e r  model  ( s e c t i o n  3 . 4 ) .  A1 t e r n a t i t a l y , the  comp­
l i c a t i o n s  of  t h e  t h r e e  d i m e n s i o n a l  geometry  may be p a r t l y  
overcome by i n t e r m i n g l i n g  s o u r c e  and  d e t e c t o r  b u n d l e s  so a s  :o 
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F i g u r e  4 .1 0  T r a n s d u c e r  U s i n g  an Annulus o f  D e t e c t o r s  (S c h em a t i c )








The t r a n s d u c e r  which  p r o d u c e d  t h e  b e s t  r e s u l t s  was c o n s t r u c t e d  
u s i n g  a n  O p t r o n  ty p e  OPB 253 A, ( s e e  a p p e n d ix  6 )  r e f l e c t i v e  
o b j e c t  s e n s o r .  T h i s  d e v i c e  c o n s i s t s  of  an i n f r a - r e d  <930nm) LED 
and a s i l i c o n  p h o t o t r a n s i s t o r  i n  a moulded p l a s t i c  h o u s in g .  The 
a d v a n t a g e  o f  t h i s  d e t e c t o r  i s  t h a t  i t s  r e s p o n s e  i n  t h e  red  
s p e c t r a l  r e g i o n  i s  g r e a t e r  t h a n  t h a t  of  p r e v i o u s  t r a n s d u c e r s .  Two 
r e d  LEDs (TIL 209) were p l a c e d  on e i t h e r  s i d e  of  the  p l a s t i c  
c a s i n g  and  t h e n  f i x e d  in  a moulded epoxy f i n g e r  cap ( f i g u r e s  
4 .1 1  and 4 . 1 2 ) .  The f i n g e r  cap h o l d s  the  t r a n s d u c e r  on th e  f i n g e r  
w i t h o u t  much l o c a l  p r e s s u r e .  The d i s a d v a n t a g e  i s  the  h e a t  
g e n e r a t e d  by t h e  LEDs and t h e  f i n g e r  c a n n o t  be  e a s i l y  d i s s a p a t e d  
and  h e n c e  p h y s i o l o g i c a l  c h a n g e s  c a n  t a k e  p l a c e .  T h i s  d i f f i c u l t y  
i s  l a r g e l y  overcome by e n s u r i n g  t h a t  t h e  d u r a t i o n  o f  e x p e r im e n t s  
d o e s  n o t  become to o  l o n g .
The l i n e a r i t y  of  t h e  t r a n s d u c e r  r e s p o n s e  was c h e ck e d  i n  bo th  the  
r e d  and i n f r a - r e d  r e g i o n s .  The t r a n s d u c e r  p l u s  b u f f e r s  were 
c o n n e c t e d  to  t h e  e l e c t r o n i c  p r o c e s s i n g  c i r c u i t r y .  An LED was 
mounted in  f r o n t  of  t h e  t r a n s d u c e r  ( f i g u r e  4 . 1 3 ) .  The c u r r e n t  
t h r o u g h  t h e  LED was a d j u s t e d  and t h e  v o l t a g e s  a t  p o i n t  A in  
f i g u r e  4 . 7  w e re  r e c o r d e d .
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B u f f e r  S tage










































F i g u r e  4 .1 3  E x p e r i m e n t a l  Se tup  f o r  Check ing  T r a n s d u c e r  L i n e a r i t y
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The r e s u l t s  a r e  p r e s e n t e d  in  f i g u r e s  4 .1 4  and  4 . 1 5 .  In t h e  r e d  
r e g i o n  r e a d i n g s  were checked  u s in g  a T e k t r o n i x  J  16 D i g i t a l  
P h o t o m e t e r .  The measured  i n t e n s i t i e s  ( f o o t - l a m b e r t s ) were s c a l e d  
so a s  t o  a g r e e  w i t h  the  p h o t o - t r a n s i s t o r  o u t p u t  a t  t h e  h i g h e s t  
LED c u r r e n t .
4 . 4  COMPUTER BASED DATA CAPTURE AND STORAGE
I t  i s  c o n v e n i e n t  t o  r e c o r d  and s t o r e  d a t a  from v a r i o u s  e x ­
p e r i m e n t s  i n  a form which i s  amenab le  t o  com pute r  p r o c e s s i n g .  
T h i s  would a id  i n  any m o d e l l i n g  p r o c e s s  o f  t h e  s y s te m  u n d e r  
c o n s i d e r a t i o n .
The re  a r e  many ways o f  im p lem e n t in g  s u c h  a f a c i l i t y .  (A 8085 
m i c r o p r o c e s s o r  ‘ e c h n iq u e  was s u g g e s t e d  by T u r n e r  and U i g d o r o w i t z )  
Based on th e  r e q u i r e m e n t  of  u s i n g  c u r r e n t l y  a v a i l a b l e  d e p a r t ­
m en ta l  equ ipm en t ,  a r a t h e r  o v e r d e s i g n e d  s y s t e m  i n v o l v i n g  an RTF 
c o n t r o l l e r ,  mic roNova com pute r  and  a H e w l e t t  P acka rd  2 6 4 /a 
g r a p h i c s  t e r m i n a l  was a s s e m b le d .  (However ,  t h i s  s y s te m  i s  n o t  
d e d i c a t e d  to  the  o x i m e t e r  and th u s  h a s  t h e  a d v a n t a g e  t h a t  i t  i s  a 
g e n e r a l  p u rp o se  d a t a  c a p t u r e  f a c i l i t y ,  a v a i l a b l e  f o r  o t h e r  
a p p l i c a t i o n s  i n  t h e  d e p a r t m e n t . )
A RTP7435/47 s i x t e e n  c h a n n e l  a n a l o g  t o  d i g i t a l  c a r d  [102] was 
c o n n e c t e d  to  t h e  o x i m e t e r ,  and p u l s e  m o n i t o r  o u t p u t s  ( f i g u r e  
4 . 1 6 ) .  T h i s  ca rd  ha s  an i n p u t  r an g e  o f  0 -  + 10 ,24  v o l t s . The
d i g i t a l  o u t p u t  i s  a 1 2 - b i t  t w o ' s  complement  b i n a r y  word w i t h  a 
s i g n  e x t e n s i o n  to  g i v e  a t o t a l  word l e n g t h  of  16 b i t s .  In  
a d d i t i o n ,  one of  t h e  c h a n n e l s  was c o n n e c t e d  t o  an " e v e n t  m a r k i n g "  
s w i t c h . T h i s  s w i t c h  s im p ly  e i t h e r  c o n n e c t e d  +5 v o l t s  o r  0 v o l t s  
t o  t Le RTP i n p u t s  and was used  to  mark th e  b e g i n n i n g  of  
e x p e r i m e n t a l  e v e n t s  ( e . g .  a r t e r i a l  o c c l u s i o n ) .  Management of  t h e  
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FIG. 4 . 1 6  INFORMATION FLOW IN DATA CAPTURE SYSTEM.
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C o n t r o l l e r  [103] RTP7A30/30 and RTP7410/39 I /O  Bus C o n v e r t e r  
[101] f o r  microNova c o m p u t e r s .  These  c a r d s  make t h e  i n i t i a t i o n  
and c o n t r o l  of  t h e  a n a lo g  t o  d i g i t a l  p r o c e s s  a l m o s t  t r a n s p a r e n t  
t o  t h e  u s e r .  A s i n g l e  o u t p u t  and a s i n g l e  i n p u t  i n s t r u c t i o n  i s  
a l l  t h a t  i s  r e q u i r e d  from t h e  h o s t  (mic roNova)  c o m p u te r .
The microNova does n o t  have  a s o p h i s t i c a t e d  m o n i t o r . The t e r m i n a l  
debug o p t i o n  on ly  a l l o w s  i n t e r r o g a t i o n  and m o d i f i c a t i o n  o f  memory 
l o c a t i o n s .  F u r th e r m o r e  i t  does  n o t  have  any mass s t o r a g e  f a c i -  
l i t y s  ( a l t h o u g h  i t  does  have 24K w ords  o f  16 b i t  wide  RAM 
memory)• The computer  i s ,  t h e r e f o r e ,  n o t  g e a r e d  t o w a rd s  p rogram 
de ve lopm en t  and c o n s e q u e n t l y  o n l y  t h e  minimum was im plem en ted .  
A l l  d a t a  p r o c e s s i n g  was p e r f o r m e d  u s i n g  a h i g h  l e v e l  l a n g u a g e  in  
t h e  H. P. t e r m i n a l  or  i n  t h e  U n i v e r s i t y  Computer  C e n t r e ' s  IBM 
370/158 .  The f i n a l  microNova p rog ram  a c c e p t s ,  a s  i n p u t ,  t he  
number of  sam ples  t o  be t a k e n  and t h e  s a m p l i n g  i n t e r v a l .  I t  then  
i n i t i a t e s  and m o n i t o r s  t h e  s a m p l in g  p r o c e s s ,  s t o r i n g  t h e  d a t a  
v a l u e s  i n  t h e  c o m p u t e r ' s  RAM memory. At t h e  end o f  t h e  s a m p l in g  
i n t e r v a l , i t  t r a n s f e r s  t h e  d a t a  v a l u e s  t o  t h e  H e w le t t  Packa rd  
(HP) t e r m i n a l .  The p rogram c o n v e r t s  ea ch  12 b i t  d a t a  word to  3 
ASCII h e x a d e c i m a l  d i g i t s  b e f o r e  t r a n s m i t t i n g  i t  t o  t h e  t e r m i n a l .
The HP t e r m i n a l  can be l o a d e d  w i t h  a BASIC i n t e r p r e t e r .  T h i s  
f a c i l i t y  i n  c o n j u n c t i o n  w i t h  i t s  two c a r t r i d g e  t a p e  d r i v e s  make 
i t  f a i r l y  p o w e r f u l . A BASIC p rog ram  was w r i t t e n  w h ic h  a c t e d  a s  a 
c rude  "Task management s y s t e m "  f o r  t h e  d a t a  c a p t u r e  f a c i l i t y .  
Th i s  program e n a b le d  th e  microNova p rogram  t o  be l o a d e d  from 
c a t r i d g e  t a p e , t h e  p a s s i n g  of  p a r a m e t e r s  t o  t h e  microNova ,  
i n i t i a t i o n  o f  a s a m p l in g  s e s s i o *  ’ m e n t a ry  p r o c e s s i n g  and 
s t o r a g e  of  t h e  raw d a t a  r n ca  t,e t a p e .  The p r o c e s s i n g
c o n s i s t s  e s s e n t i a l l y  of  removing  t h e  D.C. v a l u e  of  t h e  d a t a  and 
c o n v e r t i n g  t h e i r  he xa dec im a l  r e p r e s e n t a t i o n  t o  d e c im a l  ( A S C I I )  
r e p r e s e n t a t i o n .
D e t a i l s  of  t h e  manner i n  which t h e  d a t a  i s  s t o r e d  and t r a n s m i t t e d  
i s  g iv e n  i n  a ppe nd ix  4.  A sample  s e s s i o n ,  f l o w  c h a r t s  and program 
l i s t i n g s  f o r  bo th  the  HP and microNova a r e  g i v e n  i n  a p p e n d i x  5 and 
a p p e n d ix  8 r e s p e c t i v e l y .
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Once in  de c im a l  t h e  d a t a  was t r a n s f e r r e d  f o r  pe rm anen t  s t o r a g e  
onto " f l o p p y  d i s c s " .  A t o t a l  of  6 d i s c s ,  each  of 250K b y t e s ,  wore  
used to  s t o r e  a l l  t h e  e x p e r i m e n t a l  d a t a  c o l l e c t e d .  The d a t a  c o u l d  
th en  be t r a n s f e r r e d ,  when r e q u i r e d ,  f o r  p r o c e s s i n g  by t h e  
U n i v e r s i t y ' s  c e n t r a l  IBM 3 70 /158  c o m p u te r .
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CHAPTER 5 RESULTS AND MODELLING
5.1  INTRODUCTION
A s e r i e s  of  e x p e r i m e n t s  were p e r fo rm e d  u s i n g  t h e  o x i m e t e r ,  p u l s e  
m o n i to r  and d a t a  c a p t u r e  f a c i l i t y  which were d e s c r i b e d  i n  c h a p t e r  
4. The aims o f  t h e s e  expe r im en t  a were p r i m a r i l y :
( i )  To e s t a b l i s h  w h e th e r  r e s u l t s  f rom c o n t r o l l e d  e x p e r i m e n t s  
a r e  r e p e a t a b l e .
( i i )  T e s t i n g  t h e  t r a n s d u c e r  models  i n v e s t i g a t e d  i n  c h a p t e r  3 
a g a i n s t  t h e  r e s u l t s  o f  t h e  c o n t r o l l e d  e x p e r i m e n t s .
( i i i )  A q u a l i t a t i v e  a p p r a i s a l  o f  t h e  r e s u l t s  i n  t e r m s  of  
known p h y s i o l o g i c a l  phenomenon ( e . g .  r e s p o n s e  t o  a deep 
i n s p i r a t i o n ) .
( i v )  To a i d  t h e  c o n s t r u c t i o n  of  a s im p ] e  p h y s i o l o g i c a l  and
o p t i c a l  measurement  models  o f  t h e  c o m p o s i t e  s y s t e m ,  
c o m p r i s i n g  t h e  o x i m e t e r  and t i s s u e .
I n i t i a l l y ,  t h e  above o b j e c t i v e s  c o u ld  n o t  be c l e a r l y  d e f i n e d ,  but  
were f o r m u l a t e d  as  t h e  p r o j e c t  p r o g r e s s e d .  At f i r s t ,  i t  was 
t h o u g h t  t h a t  t h e  main t h r u s t  of  t h e  i n v e s t i g a t i o n  would be 
c onc e rne d  w i t h  aim ( i v ) . However, f i r s t  e x p e r i e n c e s  w i t h  t h e  
o x i m e te r  i n d i c a t e d  t h a t  more work was r e q u i r e d  t o  a c h i e v e  a 
s i g n i f i c a n t  l e v l  of  c o n f i d e n c e  in  t h e  o u t p u t  o f  t h e  i n s t r u m e n t  
p a r t i c u l a r l y  w i t h  r e s p e c t  t o  r e p e a t a b i l i t y  of  r e s u l t s  and in  
a p p l y i n g  a measurement  m ode l . A l th o u g h  some t e s t s  e x h i b i t e d  
i n t e r e s t i n g  phenomenon,  o t h e r  e x p e r i m e n t s ,  or t h e  same s u b j e c t
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and u n d e r  s i m i l a r  c i r c u m s t a n c e s  w ou ld  e i t h e r  show n o  r e s p o n s e ,  a 
c o n t r a d i c t o r y  o r  d i f f e r e n t  r e s p o n s e .  T h e r e f o r e ,  b e f o r e  a im s  
( i i ) - ( i v )  c o u l d  b e  t a c k l e d  t h e  q u e s t i o n  o f  r e p e a t a b i l i t y  had t o  
f i r s t  be r e s o l v e d .
Hence, i t  t r a n s p i r e d  t h a t  t h e  m ain  e x p e r i m e n t a l  work d o n e ,  was 
c o n c e r n e d  w i t h  o b j e c t i v e  ( i )  and  e v a l u a t i o n s  were p e r f o r m e d  i n  
r e s p e c t  of  o b j e c t i v e  ( i i )  ( s e c t i o n s  3 . 5  and 3 . 7 ) .  A number  of
e x p e r i m e n t s  w e r e  d e s i g n e d  t o  h i g h l i g h t  d i f f e r e n t  p h y s i o l o g i c a l  
p h e n o n i n a . The t e s t s  p e r f o r m e d  i n c l u d e :
( i )  A r t e r i a l  o c c l u s i o n
( i i )  B r e a t h  h o l d i n g
( i l l )  I n c r e a s e  o f  l o c a l  p e r i p h e r a l  t e m p e r a t u r e .
( i v )  C o n t r o l l e d  b r e a t h i n g  ( s p e c t r a l  s t u d i e s )
(v)  O b s e r v a t i o n  o f  p u l s a t i l e  f l o w
More t h a n  10 o f  e a c h  t y p e  of  t e s t  was p e r f o r m e d  on t h e  same
s u b j e c t  on c o n s e c u t i v e  d a y s ,  e a c h  t e s t  c a t e g o r y  t a k i n g  p l a c e  
u n d e r  s i m i l a r  c o n d i t i o n s .  In  a d d i t i o n ,  a s e c o n d  s u b j e c t ,  n o t
f a m i l i a r  w i t h  t h e  p r o j e c t ,  was a l s o  t e s t e d ,  a l t h o u g h  n o t  a s
e x t e n s i v e l y .  The r e s u l t s  f rom the- two s u b j e c t s  w e re  s i m i l a r .  The
d e t a i l s  and d i s c u s s i o n  o f  t h e  t e s t s  a r e  p r e s e n t e d  i n  t h e
f o l l o w i n g  s e c t i o n s .
A number of  o b s e r v a t i o n s  were  c o n s i s t e n t l y  o b s e r v e d  and  r a t i o n a l
e x p l a n a t i o n s ,  i n  a QLUilit-Btlve s e n s e  were s o u g h t  • I n  v i e w  o f  
s e c t i o n  3 . 7 ,  w h ic h  h i g h l i g h t s  t h e  i n a d e q u a c i e s  o f  p r e s e n t  t r a n s ­
d u c e r  m o d e l s ,  t h e  e x p l a n a t i o n s ,  a t  t h i s  s t a g e ,  c a n n o t  b e  q u a n ­
t i t a t i v e .  H ow e ver , t h e  v a l u e  of  t h e  p r e s e n t  d i s c u s s i o n  i s  t h a t  i n  
r e c o g n i s i n g  c e r t a i n  phenomena a nd  a t t e m p t i n g  t o  p l a c e  them in  
t h e  c o n t e x t  o f  a p h y s i o l o g i c a l  m o d e l ,  i t  i s  e x p o s i n g  t h e
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p o t e n t i a l  of t h e  i n s t r u m e n t  f o r  u se  a s  a dynamic d i a g n o s t i c  a i d .  
The models  a r e  p r e s e n t e d  w i th  t h e  f u l l  r e a l i s a t i o n  of  t h e i r  
p o s s i b l e  i n a d e q u a c i e s ,  which  may be exposed  when a b e t e r  u n d e r s ­
t a n d i n g  o f  t h e  measurement  model has  been a t t a i n e d .
F u r t h e r  e x p e r i m e n t a l  d a t a  ( r e p r e s e n t i n g  l e s s  t h a n  h a l f  t h e  t o t a l  
d a t a  c o l l e c t e d )  may be found in  a p p e n d ix
5 .2  ARTERIAL OCCLUSION
A r t e r i a l  o c c l u s i o n  e x p e r i m e n t s  were c hosen  b e c a u s e  i t  was a rg u e d  
t h a t  such a t e s t  s h o u l d  c o n s t r a i n  t h e  t o t a l  b l o o d  volume t o  
r em ain  c o n s t a n t .  T h i s  would mean t h a t  one o f  t h e  p o s s i b l e  
v a r i a b l e s  i n  t h e  s y s te m  would be a p r i o r i  known, o r  more 
c o r r e c t l y  i t s  dynamic component  would b« z e r o .  S in c e  t h e  ob_ ac ­
t i v e  i s  t o  on ly  i d e n t i f y  t r e n d s  ( s e c t i o n  3 . 6 )  and n o t  a b s o l u t e  
v a l u e s ,  knowing t h e  change  and r a t e  of  c h a n g e  i n  a v a r i a b l e  i s  
v a l u a b l e .  However , t h i s  i s  on ly  s t r i c t l y  t r u e  i n  l i n e a r  s y s te m s  
and so b e c a u s e  of t h e  non l i n e a r i t i e s  p r e s e n t ,  any q u a n t i t a t i v e  
a n a l y s i s  would have  to  t a k e  i n t o  c o n s i d e r a t i o n  t h e  a c t u a l  v a l u e s .
T'^e t e s t  d u r a t i o n  was 1 ,5  m i n u t e s .  The s u b j e c t  was s e a t e d  and h i s  
r i ' ^ h t  arm was a l l o w e d  to  r e s t  on a t a b l e .  The o x i m e t e r  was p l a c e d  
on the  s u b j e c t ' s  r i g h t  index  f i n g e r ,  t h e  p u l s e  m o n i t o r  was 
a t t a c h e d  t o  t h e  w r i s t  and a m e r c u r i a l  sphygmomanometer  wound 
a round  t h e  arm, j u s t  above  t h e  e lbow . T h i r t y  s e c o n d s  a f t e r  t h e  
s t a r t  o f  t h e  t e s t ,  t h e  sphygmomanometer  was i n f l a t e d  t o  above  
s y s t o l i c  p r e s s u r e  ( u s u a l l y  i n f l a t e d  t o  140—160mm H g) . The t im e  
t a k e n  t o  i n f l a t e  t o  f u l l  p r e s s u r e  v a r i e d  be tw e en  3 - 6  s e c o n d s  and 
t h u s  c a n n o t  be t a k e n  a s  a " s t e p  i n p u t " .  I h e  p e r i o d  o f  o c c l u s i o n  
v a r i e d  be tw een  4 0 —50 s e c o n d s .  A l th o u g h .  t h i s  p e r i o d  i s  com— 
. a r l t i v e l y  s h o r t ,  i t  was n o t  a d v i s a b l e  t o  a t t e m p t  l o n g e r  p e r i o d s  
of  o c c l u s i o n  a s  m ed ic a l  s u p e r v i s i o n  was n o t  a v a i l a b l e .  F i g u r e  5.  1 
l l l u  c r a t e s  t h e  e x p e r i m e n t a l  s e t u p .
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f P i  -
F i g u r e  5.1 Kxpcr im on ta l  Se tup f o r  A r t e r i a l  O c c l u s i o n  E x p e r im e n t .  
The Sphygmomanometer c u f f  was i n f l a t e d  above s y s t o l i c  p r e s s u r e  
f o r  a p p r o x i m a t e l y  40 s e c o n d s .
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The r e s u l t s  of t h e s e  t e s t s  e x h i b i t e d  two i n t e r e s t i n g  f e a t u r e s  
( f i g u r e  5 . 2 ) .  F i r s t l y ,  o b s e r v i n g  t h e  o u t p u t  f rom t h e  r e d  c h a n n e l  
of t h e  o x i m e t e r ,  t h e r e  i s  a d e f i n i t e  c h a n g e  i n  s l o p e  o f  t h e  
o u t p u t  d u r in g  th e  p e r i o d  o f  o c c l u s i o n  (be tween  t h e  v e r t i c a l  
d o t t e d  l i n e s  i n  f i g u r e  5 . 2 ) .  T h i s  change  o c c u r s  c o n s i s t a n t l y  I n  
a lm os t  a l l  t h e  r e s u l t s  ( a p p e n d i x  7 ) .  In a d d i t i o n  t h e  cha nge  
o c c u r s  15-20 s e c  ( a v e r a g e  18 s e c  s t a n d a r d  d e v i a t i o n  2, 1 s e c  ov e r  
t e n  e x p e r i m e n t s )  a f t e r  t h e  b e g i n n i n g  o f  t h e  o c c l u s  on .  S im u l ­
t a n e o u s  w i th  t h e  change  i n  t h e  r e d  c h a n n e l  o u t p u t  i s  a l o c a l  
minimum in  the  i n f r a - r e d  c h a n n e l  o u t p u t .
Such a r e s u l t  s u g g e s t s  t h a t  t h e  volume of  b l o o d  in  t h e  s u p e r ­
f i c i a l  s k i n  does n o t  r em a in  c o n s t a n t  d u r i n g  th e  o c c l u s i o n .  S i n c e  
the  t o t a l  volume of  b lo o d  i n  t h e  arm and hand c a n n o t  c h a n g e ,  any  
change i n  t h e  s k i n  b l o o d  volume must  t a k e  ace wi ^ a complemen­
t a r y  change  in  t h e  deep  t i s s u e .  The ve n o u s  s y s te m  p r o v i d e s  a p o o l  
i n  which  l a r g e  volum es  of  b l o o d  may be d e p o s i t e d .  The form of  t h e  
r e s u l t s  s u g g e s t  t h a t  i n i t i a l l y  t h e  s k i n  b lood  volume d e c r e a s e s  
and th e n  i n c r e a s e s  a g a i n .  T h i s  i n c r e a s e d  b l o o d  volume c o u l d  be 
a t t r i b u t e d  to  a v a s o d i l a t i o n  a s  a r e s u l t  of  the  b u i l d u p  of  
m e t a b o l i t e s  ( s e e  s e c t i o n s  2 . 6 . 1  and  2 . 7 . 4 ) .  However,  a p o s s i b l e  
o b j e c t i o n  to  t h i s  i s ,  why d i l a t i o n  i n  t h e  s k i n  s h o u ld  be  g r e a t e r  
than  t h a t  i n  t h e  deep t i s s u e .  A r e f l e x  r e s p o n s e  ( s e c t i o n  2 . 7 . 4 )  
might a c t u a l l y  be r e s p o n s i b l e  f o r  d i v e r t i n g  t h e  b lo o d  f rom t h e  
h i g h . r  m e t a b o l i c  t i s s u e  t o  t h e  s k i n ,  so  a s  t o  c o n s e r v e  o x y g e n .  
I n i t i a l l y ,  t h e  m e t a b o l i t e  b u i l d u p  would be p r o m i n e n t ,  and s i n c e  
the  d e e p e r  t i s s u e  ( m u s c u la r  t i s s u e )  i s  m e t a b o l i c a l l y  more a c t i v e ,  
the v a s o d i l a t i o n  would be g r e a t e r  h e r e .  The c o n t i n u a l  d e c r e a s e  i n  
a v a i l a b l e  oxygen would t h e n  s t i m u l a t e  t h e  l o c a l  c o n t r o l l e r ,  which  
would th e n  a t t e m p t  to  c o n s e r v e  oxygen  by d i v e r t i n g  more b l o o d  t o  
the  l e s s  a c t i v e  s k i n  a r e a s .  T h i s  would q u a l i t a t i v e l y  e x p l a i n  t h e  
obse rved  phenomenon.  However,  t h e s e  ch a n g es  migh t  a c t u a l l y  be 
p a r t l y  a t t r i b u t a b l e  to  t h e  t r a n s d u c e r . In  s e c t i o n  3 . 5 . 4  i t  was 
shown t h a t  c h a n g e s  i n  r e f l e c t i o n  depend  upon t h e  r e l a t i v e  
m agni tude  of t h e  a b s o r p t i o n  and s c a t t e r i n g  c o e f f i c i e n t s  of  b l o o d  
and t i s s u e  and on th e  nom in a l  v a l u e s  of  b l o o d  f r a c t i o n a l  vo lume 
and oxygen s a t u r a t i o n .  In  o t h e r  w ords ,  t h e  p a r a m e t e r  v a l u e  c h o i c e  
cou ld  be such t h a t  a s  t h e  oxygen s a t u r a t i o n  d e c r e a s e s  ( a s  i t  





















































s m a l l  changes  In f r a c t i o n a l  b l o o d  volume m igh t  have  d i f f e r e n t  
e f f e c t s  a t  the  two w a v e l e n g t h s .  N e v e r t h e l e s s ,  i t  may d e f i n a t e l y  
be c o n c lu d e d  t h a t  p e r i p h e r a l  c i r c u l a t o r y  c h a n g e s  do t a k e  p l a c e  
a'- I t h a t  t h e s e  a r e  d e t e c t e d  by the t r a n s d u c e r  i n  a r e p e a t a b l e  
f a s h i o n .
The second i n t e r e s t i n g  f e a t u r e  o c c u r s  a t  t h e  end o f  t h e  o c c l u s i o n  
p e r i o d .  The p r e s s u r e  in  t h e  sphygmomanometer  c u f f  i s  r e l e a s e d  by 
open ing  a v a l v e .  Th i s  r e s u l t s  i n  s h a r p  d e c r e a s e  i r  c u f f  p r e s s u r e  
and t h u s  b e t t e r  a p p r o x i m a t e s  a " s t e p  c h a n g e " .  The i n f r a - r e d  
c h a n n e l  o u t p u t  e x h i b i t s  a s h a r p  d ro p ,  f o l l o w e d  by an a lm o s t  
e q u a l l y  s h a r p  r e c o v e r y . A c o r r e s p o n d i n g  c hange  i n  t h e  r e d  c h a n n e l  
i s  v e r y  l a r g e l y  a t t e n u a t e d  o r  i s  no t  p r e s e n t .  T h i s  e f f e c t  i s  
c l e a r  i n  f i g u r e  5 . 2 ,  and a p p e a r s  in  m os t ,  bu t  n o t  a l l  o f  t h e  
o t h e r  r e s u l t s  (append ix  7 ) .
T h i s  b e h a v i o u r  c o u ld  be a myogenic  r e s p o n s e  ( s e c t i o n  2 . 6 . 1 )  t o  
th e  sudden i n c r e a s e  of b lo o d  p r e s s u r e  f o l l o w i n g  t h e  r e l e a s e  of  
t h f  syhygmomanometer  c u f f  p r e s s u r e .  T h i s  e x p l a n a t i o n  would s u g ­
g e s t  t h a t  t h e  " s e t p o i n t "  f o r  c o n s t r i c t o r  t o n e  a ro u n d  th e  l o c a l  
b lood  p r e s s u r e  loop ,  a d a p t s  t o  t h e  p r e v a i l i n g  c o n d i t i o n s .  Dur ing  
the  p e r i o d  of o c c l u s i o n ,  t h e  a v e r a g e  t r a n s m u r a l  p r e s s u r e  d r o p s  
and hence  th e  s e t p o i n t  f o r  myogenic  r e s p o n s e .  When t h e  a r t e r i a l  
p r e s s u r e  i s  r e s t o r e d ,  t h i s  r e p r e s e n t s  an  i n c r e a s e d  t r a n s m u r a l  
p r e s s u r e  and t h u s  the  v a s c u l a t u r e  r e s p o n d s  by c o n s t r i c t i n g .  The 
r a p i d  r e c o v e r y  t e n d s  t o  show t h a t  t h e  s y s t e m  a d a p t s  q u i c k l y  to  
the new a v e r a g e  v a l u e .
A t h i r d  o b s e r v a t i o n  from th e  r e s u l t s  i s  t h a t  t h e  r e a c t i v e  
h y p e ra e m ia  ( s e c t i o n  2 . 7 . 4 )  i s  n o t  o b v i o u s  i n  bo th  c h a n n e l s . T h i s  
may be owing t o  t h e  p e r i o d  of  o c c l u s i o n  b e i n g  too  s h o r t . However , 
a s  was s t a t e d  i n  s e c t i o n  2 . 7 . 4 ,  r e a c t i v e  h y p e r a e m i a  i s  n o t  a 
n e c e s s a r y  r e s p o n s e .
/1 2 2
_5«3 BREATH HOLDING TESTS
The b r e a t h  h o l d i n g  t e s t a  were one o f  t h e  f i r s t  t e s t s  p e r f o r m s
us in g  th e  o x i m e t e r .  I n i t i a l l y ,  i t  was t h o u g h t  t h a t  t h e  t r a n s p o r
e l a y  t ime  from l u n g s  t o  p e r i p h e r y  c o u l d  be e a s i l y  m ea su red  u s in ,
t h i s  manoeuvre .  I t  was r e a s o n e d  t h a t  t h i s  l ag  c o u ld  be measure,
a s  t h e  t im e  i n t e r v a l  be tw e en  t h e  I n s t a n t  a t  which t h e  s u b j e c ,
began h o l d i n g  h i s  b r e a c  u n t i l l  t h e  o x i m e te r  r e g i s t e r e d  rha ,
r e l a t i v e l y  d e o x y g e n a t e d  b lood  a r r i v e d  a t  t h e  s i t e  o f  m ea s u rem e n t .
However some e x p e r i m e n t s  e x h i b i t e d  an i n i t i a l  s h a r p  d e c r e a s e
a lm o s t  i m m e d i a t e l y  f o l l o w i n g  th e  s t a r t  of  a b r e a t h - h o l d i n g
s e s s i o n .  These  o b s e v a t i o n s  p l u s  o b v i o u s  rhy thm ic  b e h a v i o u r  s -
t i m u l a t e d  t h e  p r e s e n t  r e s e a r c h  p r o j e c t .  P a r a t h e n t i c a l l y  i t  s h o u ld
e n o ted  t h a t  t h e  l a g  t im e  i n t e r v a l  measurements  w i l l  n o t  be 
s im p le  u s in g  t h e  o x i m e t e r .
A s e r i e s  o f  s i x  s t a n d a r d  t e s t  were  p e r fo rm e d  on t h e  same s u b j e c t .
The s u b j e c t  was s e a t e d  and t h e  o x i m e t e r  p l a c e d  on h i s  r i g h t  Index
m g e r .  A few m i n u t e s  p r i o r  t o  the  b e g in n i n g  of  r e c o r d i n g ,  were
a l lowed  f o r  t h e  s u b j e c t  t o  t e a c h  s t e a d y  s t a t e .  T h i r t y  s e c o n d s
a f t e r  t h e  s t a r t  o f  r e e d i n g  t h e  s u b j e c t  took a d e e p  I n s p i r a t i o n
h e l d  I n s  b r e a t h  f o r  a s  lo n g  a s  was p o s s i b l e  ( a p p r o x i m a t e l y  60
s e c o n d s ) .  F o l lo w in g  e x p i r a t i o n ,  b r e a t h i n g  was deep and r h y t h m i c .
T h i s  u s u a l l y  l a s t e d  f o r  2 0 - 3 0  s e c o n d s .  T h e r e a f t e r  a normal  
b r e a t h i n g  p a t t e r n  was r e s u m e d .
A t y p i c a l  r e s u l t  i s  shown in  f i g u r e  5 . 3 .  The i n i t i a l  d e c r e a s e  in
t h e  red c h a n n e l  o u t p u t  f o l l o w i n g  t h e  deep i n s p i r a t i o n  mus t  be
n e u r a l .  F o l lo w in g  t h i s  i n i t i a l  d e c r e a s e  t h e r e  i s  a r e c o v e r y  and
t h e r e a f t e r  a f u r t h e r  d e c r e a s e  a s  d e o x y g e n a te d  blood  r e a c h e s  t h e  
s i t e .
The i n f r a - r e d  c h a n n e l  r e s p o n s e  a l s o  e x h i b i t s  an i n i t i a l  d e c r e a s e ,  
t h i s  t e n d s  t o  i n d i c a t e  t h a t  t h e  f r a c t i o n a l  blood  volume i n i t i a l l y  

















2 . 7 . 3 ) .  The c u rv e  t h e n  f l a t t e n s  o u t  show ing  a c o n s t a n t  b l o o d  
volume s i t u a t i o n .  However ,  a f t e r  3 5 - 4 5  s e c o n d s ,  t h e  o u t p u t  f rom 
t h e  i n f r a - r e d  b e g i n s  t o  i n c r e a s e  ( a t  t h i s  s t a g e  t h e  r e d  c h a n n e l  
i s  d e c r e a s i n g ) .  The c o n c l u s i o n  f rom  t h i s  i n  t e r m s  of  t h e  s i m p l e  
model s t r u c t u r e  ( s e c t i o n  2 . 5 )  i s  t h a t  a l t h o u g h  oxygen i s  d e c ­
r e a s i n g ,  t h e  s k i n  b l o o d  f lo w  i s  i n c r e a s i n g .  T h i s  wou ld  be  a 
mechanism whereby t h e  c e n t r a l  c o n t r o l l e r  a t t e m p t s  t o  c o n s e r v e  
oxygen by d i v e r t i n g  t h e  b l o o d  t o  t h e  l e s s  m e t a b o l i c a l l y  a c t i v e  
s k i n .
I t  s h o u ld  be p o i n t e d  o u t  t h a t  t h e s e  r e s u l t s  were  n o t  a lw a y s  
r e p e a t a b l e .  I n  some c a s e s ,  t h e  a b o v e  r e s p o n s e  was e x t r e m e l y  s m a l l  
(O ther  s u b j e c t s  w e re  a l s o  t e s t e d  and s i m i l a r  r e s u l t s  were  
o b t a i n e d )  I n  a d d i t i o n ,  t h e  n o n - i s o b e s t i c  w a v e l e n g t h  o f  t h e  
i n f r a - r e d  c h a n n e l  has  b e e n  i g n o r e d .  However ,  t h e s e  t e s t s  d e f i n i ­
t e l y  i n d i c a t e  an i n t e r a c t o n  b e tw e e n  a c e n t r a l  and l o c a l  c o n t r o l  
i n  t h e  a l l o c a t i o n  o f  r e s o u r c e s  d u r i n g  a s p h y x i a .
5 . 4  THE EFFECTS OF LOCAL TEMI
The b a c kg round  p h y s i o l o g y  o f  C h a p t e r  2 s u g g e s t s  t h a t  t e m p e r a t u r e  
change  i s  an i m p o r t a n t  f a c t o r  i n  t h e  r e g u l a t i o n  of  b l o o d  f l o w .  I n  
o r d e r  t o  t e s t  t h e  o x i m e t e r ' s  p e r f o r m a n c e ,  a s e r i e s  o f  e x p e r i m e n t s  
were d e v i s e d  to  d e t e r m i n e  w h e t h e r  t h e  o x i m e t e r  can  d e t e c t  t h e  
e f f e c t  of  t e m p e r a t u r e  c h a n g e .  In  s i m i l a r i t y  w i t h  t h e  o t h e r  
e x p e r i m e n t s ,  an e x t e n s i v e  i n v e s t i g a t i o n  was n o t  u n d e r t a k e n ,  b u t  
t h e  t e s t s  were p r i m a r i l y  a imed a t  t e s t i n g  t h e  o x i m e t e r  p e r f o r ­
mance v i a  known p h y s i o l o g i c a l  phenomena  and o b t a i n i n g  r e p e a t a b l e  
r e s u l t s .  The r e s u l t s  f rom  t h i s  s e r i e s  o f  t e s t s  q u a l i t a t i v e l y  
c o n f l i c t  w i t h  t h e  p r e d i c t i o n s  of  t h e  m o d e l s  when p u b l i s h e d  
p a r a m e t e r  v a l u e s  a r e  u s e d .  T h i s  l e a d s  t o  t h e  r e q u i r e m e n t  f o r  a 
new a s s e s m e n t  of  p a r a m e t e r  v a l u e s ,  a s  d i s c u s s e d  i n  s e c t i o n  3 . 7 .
When c o n s i d e r i n g  c h a n g e s  i n  t i s s u e  p e r f u s i o n ,  two t y p e s  o f  
t e m p e r a t u r e  change  a r e  i m p o r t a n t ;  v i z .  body h e a t i n g  and l o c a l  
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s o u t p u t .  However, changes  i n  t h e  t r a n s d u c e r  o u t p u t  w i t h
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A l t e r n a t i v e l y ,  i t  may, b e  deduced  t h a t  a l t h o u g h  t h e  f r a c t i o n a l
blood vo lume  i n c r e a s e s  a lm o s t  im m e d i a t e l y  a t  t h e  s t a r t  o f  t h e
e x p e r i m e n t s ,  t h e  a v e r a g e  oxygen s a t u r a t i o n  o f  t h e  c u t a n e o u s  b l o o d
has a d e l a y e d  s u b s t a n t i a l  i n c r e a s e .  A number o f  h y p o t h e s e s  may be
put  f o rw a r d  as  t o  why t h i s  o c c u r s .  The i n c r e a s e d  s k i n  b lo o d  f lo w
may be a t  t h e  e x p e n se  of  t h e  b lood  s u p p l y  to  t h e  d e e p ,  h i g h e r
m e t a b o l i s i n g  t i s s u e .  Hence a s  t h e  b lood  i s  d i v e r t e d  from t h i s
t i s s u e  to the skin, so wil l  i t s  a v e r a g e  oxygen concentration 
i n c r e a s e .
The n o n - l i n e a r  oxygen d i s s o c i a t i o n  c u r v e  s h o u l d  a l s o  be  c o n -  
s i u e r e d .  However , t h e  s h a p e  of  t h e  c u rv e  ( f i g u r e  2 . 7 )  s u g g e s t s  
t h a t  any i n c r e a s e  above  t h e  a v e r a g e  t i s s u e  oxygen  p a r t i a l  
p r e s s u r e  ( a p p r o x i m a t e l y  40 mmHg [ 6 7 ] )  would s h i f t  t h e  " o p e r a t i n g  
p o in t  o n t o  t h e  p l a t e a u  r e g i o n  of  t h e  c u rv e  which would p r o d u c e  a 
n o n - l i n e a r  d e c r e a s e ,  and n o t  i n c r e a s e  i n  oxygen s a t u r a t i o n .  The 
s i t u a t i o n  i s  f u r t h e r  c o m p l i c a t e d  by t h e  e f f e c t  of  t e m p e r a t u r e  on 
th e  d i s s o c i a t i o n  c u r v e .  An i n c r e a s e d  l o c a l  t e m p e r a t u r e  f a c i l i ­
t a t e s  t h e  u n l o a d i n g  o f  oxygen i n t o  t h e  t i s s u e ,  w i t h  a c o r r e s p o n ­
d ing  r i s e  i n  oxygen p a r t i a l  p r e s s u r e .  The o v e r a l l  e f f e c t  can  o n l y  
be p r e d i c t e d  u s in g  a s i m u l a t i o n  t e c h n i q u e .  T h i s  s t i l l  r e m a i n s  to  
be done, once  a model  has  been  c o n s t r u c t e d .
5.5 SPECTRAL STUDIES
When a " b l a c k  box" a p p r o a c h  to  s y s te m  i d e n t i f i c a t i o n  i s  a d o p t e d ,  
i t  i s  u s e f u l  to  o b s e r v e  t h e  power s p e c t r a  of  t h e  s y s t e m  o u t p u t .  
In a s i n g l e  i n p u t ,  s i n g l e  o u t p u t ,  l i n e a r  sy s tem ,  t h e  s y s t e m  
impulse r e s p o n s e  can be o b t a i n e d  i f  t h e  i n p u t  i s  known. In  t h e  
p r e s e n t  s i t u a t i o n ,  t h e re  i s  no r e a s o n  to  assume l i n e a r i t y  and t h e  
inpu t  i s  unknown.  N e v e r t h e l e s s ,  i t  i s  s t i l l  v a l u a b l e  t o  examine  
t h e  power s p e c t r u m  of t h e  o x i m e t e r  o u t p u t  a s  any  p e r i o d i c  o r  
p s e u d o - p e r i o d i c  behaviour  w i l l  be a p p a r e n t .
The t e s t  r e s u l t s  o b t a i n e d  d e f i n a t e l y  i n d i c a t e  t h a t  t h e  o x i m e t e r ' s  
o u tp u t  does  e x h i b i t  p e r i o d i c  b e h a v i o u r .  The h e a r t  r a t e  and i t s
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ha rm on ics  a r e  a lways p ro m in a n t  i n  t h e  s p e c t r a .  O t h e r  dom inan t  
p e r i o d i c  components  l i e  raainl j  be low  1Hz. The b r e a t h i n g  rhy thm i s  
one of t h e  dominant  c y c l e s .
A s e r i e s  of  t e s t  s p e c t r a  a r e  shown i n  f i g u r e s  5 . 5  -  5 . 6 .  These
s p e c t r a  were r e c o r d e d  u s i n g  a B r u e l  and K j a e r  Narrow Band 
Spe - t rum  A n a l y s e r  type  2031. T h i s  i n s t r u m e n t  u s e s  a f a s t  f o u r i e r  
t r a n s f o r m  to  o b t a i n  s p e c t r a  f rom a 40 s e c o n d  t im e  r e c o r d  u s in g  
1024 sam ple  v a l u e s .  The s a m p l in g  f r e q u e n c y  was c h o s e n  t o  be 2CHz 
(The l o w e s t  a v a i l a b l e  on t h e  m a c h i n e ) . T h e r e f o r e ,  10Hz, f u l l  
s c a l e  s p e c t r a ,  h a v in g  400 l i n e s  were  o b t a i n e d .  S u c c e s s i v e  s p e c t r a  
were a v e ra g e d  u s in g  an e x p o n e n t i a l  a l g o r i t h m  a s  f o l l o w s :
(n -1 )  Y ( n - l )  + X(n)
Y ( n )  =  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
n
where :  Y(n) i s  the  n ' t h  a v e r a g e d  s p e c t r u m
X(n) i s  the  n ' t h  i n s t a n t a n u o u s  s p e c t r u m
U s u a l l y  a t o t a l  of  t e n  s p e c t r a  were a v e r a g e d . Note  t h a t  t h e
m agn i tude  s c a l e  i s  a dB s c a l e .  Only r e l a t i v e  m a g n i t u d e s  a r e
s i g n i f i c a n t  ( i . e .  t h e  m ag n i tu d e  b e tw e e n  d i f f e r e n t  s p e c t r a  s h o u ld
n o t  be d i r e c t l y  compared,  o n l y  r e l a t i v e  m a g n i tu d e s  may be 
c o m p a r e d . )
ihe  s p e c t r u m  a n a l y s e r  was i n i t i a l l y  c o n n e c t e d  t o  t h e  i n f r a - r e d  
channel  of  t h e  o x i m e t e r . The s u b j e c t  was s e a t e d  and t h e  o x i m e t e r  
p l a c e d  on t h e  r i g h t  i n d e x  f i n g e r .  In  f i g u r e  5 . 5  t h e  s u b j e c t  
s im p ly  s a t  s t i l l  and spoke  q u i e t l y .  T h i s  was done i n  o r d e r  t h a t  
t h e r e  s h o u ld  be no s i g n i f i c a n t  r h y th m ic  b r e a t h i n g  p a t t e r n .  In  t h e  
f o l l o w i n g  t h r e e  e x p e r i m e n t s  t h e  s u b j e c t  b r e a t h e d  r h y t h m i c a l l y  a t  
r a t e s  of 0, 1Hz, 0, 21!z and 0,  51!z r e s p e c t i v e l y .  The b r e a t h i n g
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w i t h  the  h e a r t  r a t e  rhythm. The b r e a t h i n g  rhy th m  a g r e e s  w ith  the  
f i n d i n g s  of Burton [6] ( set  s e c t i o n  2 . 6 . 2 ) .
1'he s p e c t ru m  shows o t h e r  peaks  below 1Hz. The c a u se  of t h e s e  were 
n o t  i d e n t i f i e d .  Thi t e m p e r a t u r e  c o n t r o l l e r  a lm o s t  c e r t a i n l y  has  
components  i n  t h i s  r a n g e .  I t  i s  d o u b t f u l  i f  v e r y  low f r e q u e n c i e s  
( i .« . Less than  0 , 05Hz) can be i d e n t i f i e d  i n  a s im p le  m anner ,  as  
any Ion; term changes  w i l l  r e q u i r e  t h a t  t h e  s u b j e c t  mus t  remain  
v e r y  . t i l l  f o r  long  p e r i o d s .  Thus  t h e  i d e n t i f i c a t i o n  of  t h e  
t e m p e r a t u r e  c o n t r o l l e r  o s c i l l a t i o n s  d i s c u s s e d  i n  c h a p t e r  2 (h a ­
v ing  p e r i o d s  of t h e  o r d e r  of  m i n u t e s )  w i l l  be more d i f f i c u l t .  
These o b s e r v a t i o n s  were checked  u s i n g  a second  s u b j e c t .  Aga in  t h e  
h e a r t  r a t e  and b r e a t h i n g  rhythm a r e  c l e a r l y  o b s e r v a b l e .
In . second  s e t  of  t e s t s  a s u b j e c t  performed v ig o ro u s  e x e r c i s e .  
S p e c t r a  were r ec o rde d  immediate ly  a f t e r  c e s s a t i o n  of  the  e x e r c i s e  
(sec- append ix  7) .  A he a r t  r a te  peak was o b ta in ed  at 1, 55Hz (9? 
b e a t s / m i n ) • Large ha rm o n ies  (up to  the th ir d  harmonic)  were a l s o  
c l e a r l y  v i s i b l e .  A b r o a d  peak ex tended  from 0, 25-0,  45Hz. This  
r e p r e s e n t s  t h e  r ange  of  b r e a t h i n g  rhy thm  as the  s u b j e c t  r e c o v e ­
r e d .  The d e c r e a s e  i n  t h e  h e a r t  r a t e  was apparent in a spectrum  
' b r a i n e d  h a l f  an hour  l a t e r .  In a d d i t i o n  the  harmonics  were  
m a l l e r .
t r  wen  i l so  t a k e n  i r o n  t h e  r e d  channel  o u tp u t ,  ( s e e  f i g u r e s  
5 . 9  and 5 . 1 0 ; .  The b r e a th in g  rhythm i s  aga in  p r e s e n t ,  anu i s  
l a r g e  compared to the h e a r t  r a te  peak.  The s i g n i f i c a n c e  of  t h i s  
i s  d i s c u s s e d  below. When no p a r t i c u l a r  b r e a th in g  rhythm was 
m ain ta ined ,  the spectrum had a broad "peak” from 0 , 1 - 0 ,  3Kz.
T h e r e fo r e ,  both c hanne l s  c o n t a i n  s p e c t r a l  i n fo r m a t io n .  The red 
channel  c o n t a in s  s t r o n g e r  s p e c t r a l  in fo r m a t io n  at f r e q u e n c i e s  
below the heart  r a t e .  A b r e a t h in g  rhythm has been i d e i t i f i e d  at  
low f r e q u e n c i e s  in  both c h a n n e l s .  When b r e a th in g  i s  not  rhythmic,  
t h e r e  s t i l l  appears to be s p e c t r a l  power in  the frequency  range  
0 ,1  -  0 ,3Hz.  This  power i s  probably p a r t l y  a r e s u l t  of  b r e a t h i n g ,  
but other  f a c t o r s  f o r  example,  the thermal c o n t r o l l e r ,  c o n t r i b u t e  
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The o r i g i n  of  t h e  b r e a t h i n g  rhythm i n  t h e  s p e c t r u m  i s  i n t e r e s ­
t i n g .  P o s s i b l e  c a u s e s  may be  p o s t u l a t e d .  F i r s t l y ,  i t  i s  known 
[67] t h a t  r e s p i r a t o r y  movements a f f e c t  t h e  e n d - d i a s t o l i c  v e n t ­
r i c u l a r  volume and h ence  t h e  s t r o k e  vo lum e .  Thus t h e  c a r d i a c  
o u t p u t  i s  m odu la ted  by t h e  b r e a t h i n g  p a t t e r n  and t h i s  would  be 
r e f l e c t e d  in  t h e  s p e c t r a l  c o n t e n t  of  t h e  p e r i p h e r a l  b lood  vo lum e .  
Second ly ,  r e s p i r a t o r y  movements  may d i r e c t l y  a f f e c t  t h e  p e r i ­
p h e r a l  v a s c u l a t u r e  ( a s  i n  " r e s p o n s e  t o  a deep  i n s p i r a t i o n " ,  
s e c t i o n  2 . 7 . 3 ) .  Both e f f e c t s  c o n t r i b u t e  components  to  t h e  power 
sp e c t ru m  a t  t h e  r e s p i r a t o r y  f r e q u e n c y .  To check  t h e  c o n t r i b u t i o n  
from h e a r t  r a t e  m o d u l a t i o n ,  s p e c t r a  were t a k e n  u s i n g  t h e  o u t p u t
from the  p u l s e  m o n i t o r .  The r e s u l t s  a r e  p r e s e n t e d  in  f i g u r e s
5 . 1 1 - 5 . 1 3 .  The b r e a t h i n g  rhythm i s  o b v i o u s  i n  t h e s e  p l o t s .  I t  
s h o u ld  be n o t e d  t h a t  t h e  i n t e g r a t o r  i n  t h e  p u l s e  m o n i t o r  c i r c u i t  
( f i g u r e  4 . 3 )  ha s  a t im e  c o n s t a n t  o f  5 , 6  s e c o n d s  ( C ,1 7 H z ) .  Thus 
p a r t  of  t h e  power a ro u n d  0 , 2Hz i s  a t t r i b u t a b l e  t o  t h e  i n t e g r a t o r .  
As t h e  r e l a t i v e  m ag n i tu d e  of  t h e  b r e a t h i n g  rhythm i s  l a r g e r  f rom 
t h e  o x i m e te r  s [ e c t r a ,  i t  may be c o n c lu d e d  t h a t  b o t h  phenom ina ,  
p o s t u l a t e d  above ,  p l a y  a r o l e .
Comparing t h e  s p e c t r a  o b t a i n e d  from t h e  red  c h a n n e l  w i t h  t h a t  
o b t a i n e d  from t h e  i n f r a - r e d  c h a n n e l ,  i t  . a n  be s e e n  c h a t  t h e
r e l a t i v e  m agn i tude  ( r e l a t i v e  t o  t h e  h e a r t  r a t e  p e a k )  o f  t h e  
b r e a t h i n g  rhythm i s  l a r g e r  f o r  t h e  r e d  c h a n n e l .  T h j s  i n d i c a t e s  
t h a t  t h e  i n s t r u m e n t  i s  s u f f i c i e n t l y  s e n s i t i v e  t o  oxygen s a t u r a ­
t i o n  to  d e t e c t  t h e  c y c l i c  c h a n g e s  o f  oxygen s a t u r a t i o n  i n  t h e  
b lood  c o r r e s p o n d i n g  to  t h e  r e s p i r a t o r y  c y c l e .  T h i s  i s  e n c o u r a g i n g  
as  i t  means t h a t  e x t r e m e l y  s m a l l  v a r i a t i o n s  i n  b l o o d  ga s  c o n t e n t  
may be d e t e c t e d .  T h i s  f e a t u r e  would  be  v a l u a b l e  i n  a p a t i e n t  
m o n i t o r i n g  e n v i r o n m e n t .
The above r e s u l t s  do n o t  a t t e m p t  t o  be e x h a u s t i v e  b u t  r a t h e r  
s e r v e  a s  an i l l u s t r a t i o n  a s  t o  t h e  w e a l t h  of  i n f o r m a t i o n
c o n t a i n e d  i n  t h e  o x i m e t e r  o u t p u t s .  The r e s u l t s  a r e  r e p e a t a b l e  and 
t h e i r  c a u s a l i t y  i s  e n c o u r a g i n g • I n c o r p o r a t i n g  a model  s t r u c t u r e  
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5 . 6  PULSATILE FI,HU 
When t h e  o x i m e t e r o u t p u t  i s  g r e a t l y  a m p l i f i e d ,  p u l s a t i l e  b e h a ­
v i o u r  can be o b s e r v e d .  I t  was p o s t u l a t e d  t h a t  t h i s  i s  a r e s u l t  of  
p u l s a t i l e  b lo o d  f lo w  In  t h e  s k i n .  In  o r d e r  t o  c o n f i r m  t h i s
h y p o t h e s i s ,  t h e  p u l s e  m o n i t o r  was b u i l t .  The r e s u l t s  o b t a i n e d  a r e  
i n t e r e s t i n g .
S i m u l t a n e o u s  o u t p u t s  f rom t h e  I n f r a - r e d  c h a n n e l  and p u l s e  m o n i t o r
are shovn in f igure 5 . K .  The o s c i l l a t i o n s  in t h e  two cutouts
a p p e a r  t o  be out  of  p h a s e .  F i g u r e  5 . 1 5  shows t h e  s a n e  r e s u l t s  
e x c e p t  t h a t  t h e  o u t p u t  f rom t h e  i n f r a - r e d  c h a n n e l  ha s  been 
I n v e r t e d .  These  r e s u l t s  I n d i c a t e  t h a t  t h e  p u l s a t i l e  b lood  f l o w  a s  
o b s e r v e d  by t h e  o x i m e t e r  i s  o u t  of  p h a s e  w i t h  t h e  a r t e r i a l  
p u l s a t i o n s .  T h i s  I n v e r s i o n  c a n n o t  be  t h e  r e s u l t  o f  t h e  m e a s u r e ­
ment p r o c e s s ,  b e c a u s e  t h e  o u t p u t  f rom  th e  p u l s e  t r a n s d u c e r  h a s  
t h e  shape  o f  t h e  f a m i l i a r  p r e s s u r e  wave and i t  was c h e c k e d  t h a t  
t h e r e  i s  no i n v e r s i o n  In  t h e  o x i m e t e r  c h a n n e l s .  Two e x p l a n a t i o n s  
f o r  t h i s  Phenomln,  a r e  p o s s i b l e .  F i r s t l y ,  t h e  o b s e r v a t i o n  might  
r c . . u . t  of  ,i myogenic  v a s c u l a r  r e s p o n s e  ( s e c t i o n  2 . 6 . 1 )  
a c t i n g  a t  an  e x t r e m e l y  f i n e  l e v e l .  As t h e  p r e s s u r e  i n  t h e  
p e r i p h e r a l  t i s s u e  r i s e s  d u r i n g  s y s t o l e  t h e  v e s s e l  w a l l s  would 
r e a c t  by c o n t r a c t i n g ,  t h u s  r e d u c i n g  t h e  f r a c t i o n a l  b l o o d  vo lum e .  
T h i s  t y p e  of  dynamic " B . y l l s s  r e s p o n s e "  h a s  n o t  been  p r e v i o u s l y  
d e s c r i b e d .  A second  p o s s i b i l i t y  i s  t h a t  t h e  o b s e r v a t i o n  i s  t h e  
r e s u l t  o f  a change  i n  e x t r a c e l l u l a r  p r e s s u r e  c a u s e d  by p r e s s u r e  
p u l s a t i o n s  i n  t h e  main a r t e r i e s  o f  t h e  f i n g e r .  A c c o r d in g  to  t h i s  
h y p o t h e s i s ,  t h e  p u l s a t i l e  f l c  h a s  been l a r g e l y  damped ou t  by t h e  
t ime b l o o d  r e a c h e s  t h e  c a p i l l a r i e s  o f  t h e  s k i n .  As t h e  p r e s s u r e  
i n  t h e  f i n g e r  a r t e r i e s  i n c r e a s e ,  t h e  i n c r e a s e d  p r e s s u r e  wou ld  be 
th r o u g h  t h e  t i s s u e ,  t h e r e b y  i n c r e a s i n g  t h e  t i s s u e  
p r e s s u r e  on t h e  e x t e r i o r  o f  t h e  m in u t e  c a p i l l a r y  v e s s e l s .  As 
t h e r e  i s  no c o n c o m i t a n t  i n c r e a s e  i n  c a p i l l a r y  p r e s s u r e ,  t h e  
v e s s e l  d i a m e t e r  and h ence  b l o o d  volume would d e c r e a s e .  T h i s  
e x p l a n a t i o n  i s  s u p p o r t e d  by p r e v i o u s  r e p o r t s  o f  t h e  o b s e r v a t i o n
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of  p u l s a t i l e  f lo w  i n  t h e  f i n d e r  v i a  volume p l e t h y s m o g r a p h y .
N e v e r t h e l e s s , t h e  a b i l i t y  ol  t h e  o x i m e t e r  t o  r e s o l v e  t h e s e  s m a l l  
cha n g es  i n  b l o o d  f low  a r e  e n c o u r a g i n g .  T h i s  a p p a r e n t  f i n e  
r e s o l u t i o n  of  t h e  i n s t r u m e n t  would make i t  a v a l u a b l e  d i a g n o s t i c  
a i d ,  f o r  i f  c h a n g e s  can  be d e t e c t e d  b e f o r e  t h e y  become s e v e r e ,  
t h e n  e x p r o p r i a t e  p r e v e n t a t i v e  a c t i o n  may be t a k e n  a t  an e a r l y  










































































CHAPTER 6 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
bj_ \ INTRODUCTION
T h i s  p r o j e c t  c a n n o t  i n  any  way c l a i m  to  be  c o m p l e t e .  The v e r y  
n a t u r e  of t h e  r e s e a r c h  makes i t  d i f f i c u l t  t o  p l a n  t h e  d e v e lo p m e n t  
o f  t h e  work,  bu t  i t  must  r a t h e r  e v o l v e .  R i g o r o u s  and even  
q u a n t i t a t i v e  r e s u l t s  a r e  d i f f i c u l t  t o  o b t a i n  a s  a l l  m ea su rem e n ts  
a r e  t h e  r e s u l t  of  t h e  i n t e g r a t e d  r e s p o n s e  o f  many v a r i a b l e s ,  
w h i l e  b e in g ,  in  the  f i r s t  i n s t a n c e ,  v e r y  d i f f i c u l t  t o  c o n t r o l  a r e  
a l s o  n o t  e a s i l y  d e f i n e d .  F a c t o r s  such  a s  t h e  m e n t a l  s t a t e  o f  t h e  
s u b j e c t ,  when he l a s t  a t e ,  e t c ,  a l l  c o n t r i b u t e  t o  any  m easu red  
r e s p o n s e .  Thus ,  t h e  w r i t e r  v i e w s  th e  r o l e  o f  t h i s  m i n i - t h e s i s  as  
t h e  f i r s t  i t e r a t i o n  in  an o n g o i n g  i n v e s t i g a t i o n  i n t o  t h e  f i e l d  o f  
n o n - i n v a s i v e  p a t i e n t  m o n i t o r i n g  u s in g  a p e r i p h e r a l  t i s s u e  r e f l e c ­
t a n c e  o x i m e t e r .
A w e a l th  of  r e s e a r c h  d a t a  and t h e o r e t i c a l  d e v e lo p m e n t s  e x i s t  i n  
t h e  l i t e r a t u r e .  An a t t e m p t  h a s  been  made i n  t h i s  p r o j e c t  t o  
g a t h e r  t h i s  work t o g e t h e r  and  r e l a t e  i t  to  a s p e c i f i c  a r e a  of  
r e s e a r c h .  At the  same t i m e ,  s e v e r a l  s p e c u l a t i v e  q u e s t i o n s  and 
s u g g e s t i o n s  a r e  put  f o r w a r d .  Even a t  t h e  c o n c l u s i o n  of  t h i s  
p r o j e c t ,  i t  i s  d i f f i c u l t  t o  c l e a r l y  d e f i n e  t h e  f u t u r e  road  and 
o b j e c t i v e s ,  h o w e /e r ,  i t  i s  hoped  t h a t  i t  i s  s l i g h t l y  l e s s  d i f f u s e  
t h a n  what  i t  was p r e v i o u s l y .
The major  p o r t i o n  of t h i s  d i s s e r t a t i o n  r e v i e w s  and  c o l l e c t s  
p r e v i o u s  work.  C h a p te r  2 g i v e s  a s i m p l i f i e d  b a c k g r o u n d  i n t o  t h e  
u n d e r l y i n g  p h y s i o l o g y  of t h e  e x t r e m e  t i e s • T h i s  knowledge  i s  
r e q u i r e d  i f  a model o f  t h e  p h y s i o l o g y  i s  to  be c o n s t r u c t e d .  The 
s e c t i o n  i s  main ly  aimed a t  t h e  n a t u r a l  s c i e n t i s t s  who i s  e n t e r i n g  
t h i s  f i e l d  f o r  t h e  f i r s t  t im e  and r e q u i r e s  a b r i e f  i n t r o d u c t i o n  
to  t h e  p h y s i o l o g i c a l  a r e n a . Gaps and c o n t r a d i c t i o n s  a r e  p r e s e n t
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i n  t h i s  body o f  knowledge ,  b u t  on t h e  whole i t  p r e s e n t s  a 
r a t i o n a l  n a r r a t i v e .
C h a p te r  3 r e v i e w s  p r e v i o u s  t h e o r i e s  o f  t h e  p r o r o g a t i o n  o f  l i g h t  
i n  a complex medium s u c h  a s  a m i x t u r e  o f  t i s s u e  and b l o o d .  L i g h t  
t r a n s m i s s i o n  th r o u g h  a . s o l u t i o n  ( suc h  a s  hemolysed  b l o o d )  i s  w e l l  
u n d e r s t o o d .  The p a r t i c l e  n a t u r e  of  whole  b l o o d  i n t r o d u c e s  t h e  
problem of  s c a t t e r i n g .  In t h e  p r e s e n c e  of  t i s s u e  and b l o o d ,  t h e r e  
i s  no s i m p l i s t i c  a p p r o a c h .  When c o n s i d e r i n g  a model  o f  t h e  s k i n  
which c o n s i s t s  of  a number of  l a y e r s  w i t h  d i f f e r i n g  o p t i c a l  
p r o p e r t i e s ,  t h e n  s o l u t i o n s  become e x t r e m e l y  t e d i o u s .  The comp­
l i c a t i o n s  i n t r o d u c e d  by t h e  g e om e t ry  o f  r e f l e c t a n c e  o x i m e t r y  a r e  
d i s c u s s e d  i n  d e t a i l .
E x p e r im e n t a l  work was p e r f o r m e d  to  t e s t  and v a l i d a t e  t h e  f u n c ­
t i o n i n g  of t h e  i n s t r u m e n t a t i o n .  C h a p t e r s  4 and 5 r e s p e c t i v e l y  
d e s c r i b e  t h e  equ ipm en t  and r e s u l t s  o b t a i n e d  f r c  t h e s e  t e s t s .
6 .2  CONCLUSIONS
The p r e s e n t  e x p e r i e n c e  a n i  r e s u l t s  w i t h  t h e  two w a v e l e n g t h  
o x im e te r  s u p p o r t  t h e  o r i g i n a l  h y p o t h e s i s  t h a t  a s u b s t a n t i a l  
amount of  i n f o r m a t i o n  may be e x t r a c t e d  from th e  i n s t r u m e n t ' s  
o u t p u t s .  M easurements  u n d e r  c o n t r o l l e d  e x p e r i m e n t a l  c o n d i t i o n s ,  
t o g e t h e r  w i th  a p h y s i o l o g i c a l  and i n s t r u m e n t  model  can  y i e l d  
v a l u a b l e  i n s i g h t  i n t o  t h e  u n d e r l y i n g  mechanisms  and c o n t r o l  
s t r a t e g i e s  of  t h e  p e r i p h e r a l  v a s c u l a t u r e .
At t h i s  s t a g e ,  q u a n t i t a t i v e  r e s u l t s  a r e  not  a v a i l a b l e ,  however  i n  
a q u a l i t a t i v e  s e n s e ,  t h e  i n s t r u m e n t  i s  s e n s i t i v e  enough t o  d e t e  t  
s m a l l  changes  i n  t h e  oxygen s a t u r a t i o n  o f  t h e  p e r i p h e r a l  b l o o d ,  
a s  w e l l  a s  s m a l l  c hanges  (eg p u l s a t i l e  f low )  i n  t h e  f r a c t i o n a l  
b lood  volume i n  t h e  p e r i p h e r a l  t i s s u e .  Much i n f o r m a t i o n  i s  
c o n t a i n e d  i n  t h e  t im e  and f r e q u e n c y  r e c o r d s  of  the  o x i m e t e r ' s  
o u t p u t s .  The i n t e n t i o n  of  t h e  d e v i c e ,  i s  n o t  to  o b t a i n  a b s o l u t e  
measurem ents ,  b u t  r a t h e r  t o  u se  i t  i n  g a t h e r i n g  dynamic i n f o r -
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n a t i o n  c o n c e r n i n g  t h e  l i v i n g  body .  I t  l s  p o s t u l a t e d ,  a t  t h i s  
p o i n t  i n  t im e .  t h a t  by m o n i t o r i n g  v a r i a b l e s  o t h e r  t h a n  t h e  
c l a s s i c a l l y  c o n t r o l l e d  v a r i a b l e s  such a s  t e m p e r a t u r e ,  h e a r t  r a t e ,  
rood p r e s s u r e  e t c ,  t h e  p h y s i c i a n  may be a b l e  t o  r e c o g n i s e  
c e r t a i n  deve lopm en t  p a t t e r n s  a r  an e a r l y  s t a g e ,  b e f o r e  t h e
s i t u a t i o n  d e g r a d e s  t o  such  an  e x t e n t  t h a t  t h e  v a r i o u s  p h y -
s i o l o g i c a l  c o n t r o l  l o o p s  c a n n o t  keep t h e  c o n t r o l l e d  v a r i a b l e s  a t  
v a l u e s .  At t h i s  s t a g e ,  t h e  o v e r a l l  s y s t e m  m ig h t  h a v e  
" g r a d e d  t o  such an e x t e n t  t h a t  m a jo r  t r e a t m e n t  mould be  
n e c e s s a r y .  Th is  p h i l o s o p h y  e m p h a s i s e s  t h e  need  t o  exam ine  t h e  
dynamic ,  r a t h e r  th a n  t h e  s t e a d y  s t a t e  b e h a v i o u r  o f  t h e  bo d y .
C o n s e q u e n t l y ,  a b s o l u t e  m easu rem en ts  a r e  no t  a s  i m p o r t a n t  a s  i n
a s s i c  s t e a d y  s t a t e  a p p r o a c h .  A t a n g i b l e  exam p le  wou ld  be
n t h e  a r e a  o f  c a r d i o v a s c u l a r  and p l a s t i c  s u r g e r y .  A v i t a l  
q u a n t i t y  i s  t h e  l e v e l  o f  p e r f u s i o n  in  a g i v e n  t i s s u e  m ass .  The
° f g a n g r e n o u s  c o n d i t i o n s  may be  r ed u c e d  i f  t h e
eve  end d i r e c t i o n  of  c h a n g e  o f  t h e  b l o o d  p e r f u s i o n  c o u l d  be
F u r t h e r * t h e  l e v e l s  of  p e r f u s i o n  a r e  I m p o r t a n t  i n  
shock  t r e a t m e n t .
Models  o f  t h e  t r a n s d u c e r  s y s t e m ,  which h a v e  a p p e a r e d  i „  t h e  
t e r a t u r e ,  a r e  m a t h e m a t i c a l l y  complex .  A t t e m p t s  t o  s i m p l i f y  t h e  
mat e o a t i c a l  t r a c t i b i l i t y  o f  t h e  s o l u t i o n s ,  by n e g l e c t i n g  t h e  
t h r e e  d i m e n s i o n a l  ge om e t ry  o f  t h e  p r o b l e m  are  not val i d .  In 
a d d i t i o n , t h e  models  de pend  upon p a r a m e t e r s  which a r e  n o t  w e l l  
noun.  Model p r e d i c t i o n s ,  u s i n g  p u b l i s h e d  v a l u e s ,  y i e l d  g u a l i t a -  
c o n t r a d i c t o r y  r e s u l t s  t o  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d
Pre=C" t  W r k - ^  “  «= a t r i v i a l  p r o b le m  t o  o b t a i n  
p a r a m e t e r  v a l u e s ,  i t  i s  t h o u g h t  t h a t  b e f o r e  any  a t t e m p t  i s  made
a t  e x t e n d i n g  o r  ch a n g in g  t h e  p r e s e n t  m ode l s ,  an a t t e m p t  s h o u l d  be 
made t o  b e t t e r  p a r a m e t e r i s e  t h e  e x i s t i n g  m o d e l s .
A sin p le , lumped physiological model o f the  skin vasculature based 
upon the underlying physiology has been presented. I t s  font suggests 
hat the  Individual a r te r ia l  and venous blood volumes may change 
while e i th e r  keeping th e ir  combined volume constant o r allowing I t  
to  change. A q u a lita tiv e  d iscussion  o f the  observed oximeter out­
puts as a re s u l t  o f  con tro lled  stim uli was presented In  term  o f 
1 How-a , , I t Is  : bought th a t the  measurement model 
hould be Improved (In teims of the param eters) p r io r  to  extending 
the physio logical model.
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n a t i o n  c o n c e r n i n g  th e  l i v i n g  body .  I t  i s  p o s t u l a t e d ,  a t  t h i s  
p o i n t  i n  t im e ,  t h a t  by m o n i t o r i n g  v a r i a b l e s  o t h e r  t h a n  t h e  
c l a s s i c a l l y  c o n t r o l l e d  v a r i a b l e s  such  as  t e m p e r a t u r e ,  h e a r t  r a t e ,  
b lood  p r e s s u r e  e t c ,  t h e  p h y s i c i a n  nay be a b l e  t o  r e c o g n i s e  
c e r t a i n  deve lopm ent  p a t t e r n s  a t  an  e a r l y  s t a g e ,  b e f o r e  t h e
s i t u a t i o n  d e g ra d e s  t o  t u c h  an e x t e n t  t h a t  t h e  v a r i o u s  p h y ­
s i o l o g i c a l  c o n t r o l  l o o p s  c a n n o t  keep  t h e  c o n t r o l l e d  v a r i a b l e s  a t  
t h e  d e s i r e d  v a l u e s .  At t h i s  s t a g e ,  t h e  o / e r a l l  s y s t e m  n i g h t  h a v e  
d e g ra d e d  t o  such  an e x t e n t  t h a t  m a jo r  t r e a t m e n t  would  be 
n e c e s s a r y .  T h i s  p h i l o s o p h y  e m p h a s i s e s  t h e  need  to  examine  t h e  
dynamic ,  r a t h e r  t h a n  t h e  s t e a d y  s t a t e  b e h a v i o u r  of  t h e  b o d y .
C o n s e q u e n t l y ,  a b s o l u t e  m ea su rem e n ts  a r e  n o t  a s  i m p o r t a n t  a s  i n  
th e  c l a s s i c a l  s t e a d y  s t a t e  a p p r o a c h .  A t a n g i b l e  exam ple  would be 
i n  t h e  a r e a  o f  c a r d i o v a s c u l a r  and p l a s t i c  s u r g e r y .  A v i t a l  
q u a n t i t y  i s  t h e  l e v e l  o f  p e r f u s i o n  i n  a g i v e n  t i s s u e  m as s .  The
a d v e r s e  e f f e c t s  of  g a n g r e n o u s  c o n d i t i o n s  may be r e d u c e d  i f  t h e  
l e v e l  and d i r e c t i o n  of c h a n g e  o f  t h e  b l o o d  p e r f u s i o n  c o u l d  be 
e s t i m a t e d .  F u r t h e r ,  t h e  l e v e l s  of  p e r f u s i o n  a r e  i m p o r t a n t  i n  
shock  t r e a t m e n t .
d e l s  of  t h e  t r a n s d u c e r  s y s t e m ,  which h a v e  a p p e a r e d  i n  t h e  
l i t e r a t u r e ,  a r e  m a t h e m a t i c a l l y  com plex.  A t t e m p t s  t o  s i m p l i f y  t h e  
m a t h e m a t i c a l  t r a c t i b i l i t y  of  t h e  s o l u t i o n s ,  by n e g l e c t i n g  t h e  
t h r e e  d i m e n s i o n a l  geom et ry  o f  t h e  p r o b le m  a r e  n o t  v a l i d .  In  
a d d i t i o n , t h e  models  depend upon p a r a m e t e r s  wh ich  a r e  n o t  w e l l  
known. Model p r e d i c t i o n s ,  u s i n g  p u b l i s h e d  v a l u e s ,  y i e l d  q u a l i t a -  
t i . e l y  c o n t r a d i c t o r y  r e s u l t s  t o  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  
in t h e  p r e s e n t  work.  As i t  i s  n o t  a t r i v i a l  p r o b le m  to  o b t a i n  
p a r a m e t e r  v a l u e s ,  i t  i s  t h o u g h t  t h a t  b e f o r e  any  a t t e m p t  i s  made 
a t  e x t e n d i n g  or  c h a n g in g  t h e  p r e s e n t  m ode l s ,  an a t t e m p t  s h o u l d  be 
made to  b e t t e r  p a r a m e t e r i s e  t h e  e x i s t i n g  m o d e l s .
A slirp le, lumped physiological mod* 1 o f the skin vasculature based 
upon the underlying physiology has been presented. I t s  form suggests 
tha the indiv idual a r te r ia l  and venous blood volumes may change 
while e ith e r  keeping th e ir  combined volume constant o r allowing i t  
to  change. A q u a lita tiv e  d iscussion  o f  the observed oximetev> out­
puts as a re su lt  o f con tro lled  stim u li was presented in  terms of 
th is  model. However, it is  thought th a t the measurement mode"1 
should be inproved (in  te m s  of the param eters) p r io r  to  extending 
the physiological model.
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suggests that  th i s  avenue is encouraging. '
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6 . 3 . 1  S h o r t  Term
Two main a r e a s  r e q u i r e  f u r t h e r  work .  F i r s t l y ,  t h e  l i g h t  s o u r c e  
and d e t e c t o r  s y s t e m s  need to  be i m p r o v e d , b o t h  w i t h  r e s p e c t  to 
pe r f o r m a n c e  and from an e r g o n o m e t r i c  p o i n t  of  v i e w .  The p r e s e n t  
s h o r t c o m i n g s  a r e  t h a t  h e a t  from t h e  l i g h t  s o u r c e s  w i l l  a f f e c t  t h e  
v a s c u l a t u r e  and t h a t  t h e  p r e s e n t  f i n g e r  cap s t i l l  a l l o w s  some 
movement of  t h e  t r a n s d u c e r  r e l a t i v e  t o  t h e  s k i n  s u r f a c e .
I t  i s  s u g g e s t e d  t h a t  a f i b r e - o p t i c ,  o p t i c a l  s y s t e m  be i n v e s ­
t i g a t e d .  A p o i n t  s o u r c e  would be  b e t t e r  a p p r o x i m a t e d ,  by u s i n g  
c l u s t e r s  of  o p t i c a l  f i b r e s .  I n t e r m i n g l i n g  t h e  r e d  and i n f r a  red  
c l u s t e r s  would e n s u r e  t h a t  b o t h  s o u r c e s  i l l u m i n a t e  t h e  same 
v a s c u l a r  r e g i o n .  I d e a l l y ,  b o t h  s o u r c e s  s h o u l d  u se  t h e  same 
o p t i c a l  g u i d e s .  The d e t e c t o r  s y s t e m  migh t  be r e a l i s e d  by an 
a n n u lu s  of  o p t i c a l  b u n d l e s  s u r r o u n d i n g  th e  s o u r c e . A l t e r n a t i v e l y ,  
a s i n g l e  d i m e n s i o n a l  m easu r ing  s y s t e m  ( i . e .  s o u r c e  and d e t e c t o r  
i n  the  same s t r a i g h t  l i n e )  might  be a p p r o x i m a t e d  t o  by i n t e r m i n g ­
l i n g  s c a r c e  and d e t e c t o r  b u n d l e s .  I n  a d d i t i o n ,  t h e  n o n - i s o b e s t i c  
w a v e le n g th  of  t h e  i n f r a - r e d  LED m ig h t  be c o n s i d e r e d .
The second  a r e a  r e l a t e s  t o  t h e  m easu rem en t  and p h y s i o l o g i c a l  
models .  E x p e r im e n t s  a r e  r e q u i r e d ,  which w i l l  a l l o w  t h e  e x i s t i n g  
models  to  be p a r a m e t e r i s e d  so t h a t  t h e i r  p e fo r m a n c e  m igh t  be 
e v a l u a t e d . Examples  of  such  e x p e r i m e n t s  would  be ,  c a r e f u l l y  
c o n t r o l l e d  b r e a t h i n g  o r  t e m p e r a t u r e  t e s t s  in  w h ich  v e n t i l a t i o n  
and changes  i n  p e r i p h e r a l  s k i n  f l o w  r a t e  a r e  m easu red  v i a  o t h e r  
t e c h n i q u e s . These  m easu rem en ts  would then  be c o r r e l a t e d  w i t h  the  
o x i m e te r  o u t p u t s .  Such t e s t s  would most p r o b a b l y  r e q u i r e  a w e l l  
equ ip ped  p h y s i o l o g y  l a b o r a t o r y ,  i n  which e x t e r n a l  i n f l u e n c e s  may 
be c o n t r o l l e d .
F i n a l l y ,  t h e  " b l a c k  box" a p p ro a c h  c o u ld  be f u r t h e r  p u r s u e d  v i a  
more s p e c t r a l  and c o r r e l a t i o n  s t u d i e s  o f  t h e  o u t p u t s .  These  were 
n o t  emphas ized  i n  t h e  p r e s e n t  r e p o r t , m a i n ly  b e c a u s e  I t  was f e l t  
t h a t  t h e s e  s t u d i e s  s h o u l d  be p o s tp o n e d  u n t i l  mor ? c o n f i d e n c e  was
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g a i n e d  i n  t h e  i n s t r u m e n t s '  o u t p u t s .  V a r i o u s  r h y t h m i c  modes o f  
p e r f u s i o n  have  been  q u a l i t a t i v e l y  i d e n t i f i e d  i n  p h y s i o l o g i c a l  
s t u d i e s  ( s e e  c h a p t e r  2 ) .  The v a r i o u s  t e m p e r a t u r e  c o n t r o l l e r  modes 
( su c h  a s  h u n t i n g  r e a c t i o n )  s h o u l d  p r o d u c e  i n t e r e s t i n g  s p e c t r e l  
s t u d i e s .
6. 3. 2 Long Term
These  s u g g e s t i o n s  c a n n o t  be  e x p l i c i t l y  s t a t e d .  They  a r e  m a i n l y  
a s s o c i a t e d  w i t h  t h e  a p p l i c a t i o n  o f  t h e  i n s t r u m e n t  a s  an a i d  t o  
p a t i e n t  m o n i t o r i n g .  T h i s  would  i n v o l v e  e x p l o i t i n g  t h e  a b i l i t y  o f  
t h e  i n s t r u m e n t  t o  r e f l e c t  t h e  dyna m ic  b e h a v i o u r  of  l o c a l  t i s s u e  
p e r f u s i o n .  P o s s i b l y ,  t h i s  c o u l d  be  u l t i m a t e l y  e x t e n d e d  t o  o b t a i n  
* s p a t i a l ,  dynamic  p i c t u r e  o f  t h e  s t a t e  o f  t h e  body  t h r o u g h  
u t i l i s i n g  a number of  t r a n s d u c e r s  s i t u a t e d  a t  d i f f e r e n t  p o i n t s  o f  
tUe body.  T o g e t h e r ,  t h e  o u t p u t s  may p o s s i b l y  y i e l d  i n f o r m a t i o n  
c o n c e r n i n g  t h e  o v e r a l l  s t a t e  o f  t h e  c a r d i o v a s c u l a r  s y s t e m .  T h i s  
work would have  t o  p r o c e e d  i n  c o n j u n c t i o n  w i t h  t h e  n e e d s  and 
s u g g e s t i o n s  of  c l i n i c i a n s .
Two p o s s i b l e  a p p r o a c h e s  may be  a d o p t e d .  The s h o r t e r  o f  t h e s e  two 
c o u ld  be v i a  t h e  " b l a c k  b o x "  a p p r o a c h .  T h i s  would i n v o l v e  t h e  
c o l l e c t i o n  and p r o c e s s i n g  o f  l a r g e  am oun ts  o f  d a t a  f ro m  p a t i e n t s  
w i t h  v a r y i n g  d e g r e e s  o f  p a t h o l o g i c a l  c o n d i t i o n s .  Ly n o t i n g  t h e  
c o r r e l a t i o n ,  s p e c t r a  nd t im e  r e s p o n s e s  t o  v a r i o u s  m a n o e u v r e s ,  i t  
migh t  be p o s s i b l e  t o  i d e n t i f y  and p r e d i c t  v a r i o u s  d i s o r d e r s .
The s e cond  a p p r o a c h  i s  v i a  p a r a m e t r i c  m o d e l l i n g  of  t h e  s y s t e m  
u n d e r  i n v e s t i g a t i o n .  T h i s  a p p r o a c h  i s  f u n d a m e n t a l  and  would  l e n d  
a g r e a t  amount o f  u n d e r s t a n d i n g  t o  t h e  s ; 3 t c m .  However ,  t h e  
r e a l i s a t i o n  of  such  a g o a l  i s  most  p r o b a b l y  f a r  in i  t h e  f u t u r e .
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APPENDIX 1 BLOOD VESSELS OF THE HAND
The B r a c h i a l  a r t e r y  d i v i d e s  i n t o  t h e  r a d i a l  and u l n a r  a r t e r i e s  
n e a r  t h e  elbow j o i n t ,  ( s e e  f i g u r e s  2 . 1 - 2 . 3 ) .  T h e s e  a r t e r i e s  run
on e i t h e r  s i d e  of  t h e  fo re a rm  towards  t h e  w r i s t .  The r a d i a l
a r t e r y  g i v e s  r i s e  t o :
(1)  P r i n c e p s  P o l l i c i s  a r t e r y  which s u p p l i e s  t h e  p a l m e r  ( i . e .  
pa lm s i d e  of  t h e  hand)  s i d e  of  the  thumb.
(2)  R a d i a l i s  i n d i c i s  a r t e r y  which runs  down the  p a l m e r  s i d e
o f  t h e  index  f i n g e r  n e a r e s t  t h e  thumb.
(3)  F i r s t  d o r s a l  m e t a c a r p a l  a r t e r y  which p r o c e e d s  a l o n g  t h e  
p o s t e r i o r  of  t h e  hand ( i . e .  o p p o s i t e  s i d e  t o  t h e  palm) 
and h a s  b r a n c h e s  s u p p l y i n g  th e  thumb and i n d e x  f i n g e r .
Roughly s p e a k i n g ,  t h e  r a d i a l  and u l n a r  a r t e r i e s  a r e  c o n n e c t e d  v i a  
t h r e e  a r c h e s  which l i e  i n  t h e  middle  of t h e  pa lm  in  a l i n e  w i t h  
th e  end of  t h e  thumb.
The s u p e r f i c i a l  pa lm er  a r c h  e x t e n d s  c l o s e s t  t o  t h e  f i n g e r s .  I t  
g i v e s  r i s e  to  t h r e e  common pa lm er  d i g i t a l  a r t e r i e s  which  fo rm  a 
ne tw ork  to  s u p p ly  a l l  t h e  f i n g e r s .  The deep p a lm e r  a r c h  g i v e s  
r i s e  t o  t h r e e  pa lm e r  m e t a c a r p a l  a r t e r i e s  w h ic h  a n a s to m o se  w i t h  
t h e  pa lm e r  d i g i t a l  a r t e r i e s  i n  t h e  c l e f t s  a t  t h e  r o o t s  o f  t h e  
f i n g e r s .
The t h i r d  a r c h  i s  n e a r e s t  to  the  w r i s t  I t  i s  f o u n d  on the  
p o s t e r i o r  s i d e  of t h e  h a n d .  I t  i s  u s u a l l y  t e rm ed  t h e  d o r s a l  
c a r p a l  r- t e  and p r o v i d e s  t h e  s e c o n d , t h i r d  and f o u r t h  m e t a c a r p a l
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a r t e r i e s ,  which s u p p ly  t h e  f i n g e r s  on t h e  p o s t e r i o r  s i d e  i n  a 
s i m i l a r  manner  a s  t h e  pa lm e r  a r t e r i e s .  The re  i s  c o m m u n ic a t io n  
be tw een  t h e  m e u a c a rp a l  and pa lm er  a r t e r i e s  in  more t h a n  one 
p l a c e .  The above ,  s h o r t  a c c o u n t  d e m o n s t r a t e s  t h a t  t h e  r a d i a l  and 
u l n a r  a r t e r i e s  form a r e l a t i v e l y  c o m p l i c a t e d  i n t e r c o n n e c t e d  mesh 
of  b lood  v e s s e l s  i n  the  ha nd .  I t  s h o u l d  be remembered t h a t  t h e s e  
a r t e r i e s  t h e n  form many " r e t e  cu taneum "  i n  t h e  c o r i u m .  ( s e e  
ap p e n d ix  2 ) .  These  i n  t u r n  g i v e  r i s e  t o  s u b p a p i l l a r y  p l e x u s  which 
b r a n c h  to  form numerous p a p l l a r y  l o o p s  and a r t e r i o v e n o u s  s h u n t s • 
Thus t h e  b lood  v e s s e l s  o f  the  ha nd  form a complex, i n t e g r a t e d  
v a s c u l a r  g r i d  c o v e r i n g  t h e  hand and f i n g e r s .
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a r t e r i e s ,  which s u p p ly  t h e  f i n g e r s  on t h e  p o s t e r i o r  s i d e  i n  a 
s i m i l a r  manner as  t h e  p a lm e r  a r t e r i e s .  There  i s  c o m m u n ic a t io n  
be tw een  t h e  m e t a c a r p a l  and p a lm e r  a r t e r i e s  i n  more t h a n  one 
p l a c e .  The a b o / e ,  s h o r t  a c c o u n t  d e m o n s t r a t e s  t h a t  t h e  r a d i a l  and 
u l n a r  a r t e r i e s  form a r e l a t i v e l y  c o m p l i c a t e d  i n t e r c o n n e c t e d  mesh 
of  b lood  v e s s e l s  i n  t h e  ha nd .  I t  s h o u l d  be remembered t h a t  t h e s e  
a r t e r i e s  t h e n  form many " r e t e  cu taneum "  in  t h e  c o r i u m .  ( s e e  
a p p e n d ix  2 ) .  These i n  t u r n  g i v e  r i s e  t o  s u b p a p i 1 l a r y  p l e x u s  w h ic h  
b r a n c h  to  form numerous p a p l l a r y  l o o p s  and a r t e r i o v e n o u s  s h u n t s .  
Thus the  b lood  v e s s e l s  o f  t h e  hand form a complex, i n t e g r a t e d  
v a s c u l a r  g r i d  c o v e r i n g  t h e  hand and f i n g e r s .
APPENDIX 2 VASCULATURE OF THE FINGER
Hale and Burch [34] have I n v e s t i g a t e d  the  d e t a i l s  o f  the  
m orphological ( s t r u c t u r a l )  and f u n c t i o n a l  a s p e c t s  of  t h e  cu ta n e o u s  
b lood  s u p p l y  w i th  s p e c i a l  r e f e r e n c e  to  t h e  s u p p l y  i n  t h e  f i n g e r .
The d i g i t a l  a r t e r i e s  d i v i d e  i n t o  a p e r i o s t e a l  and t e r m i n a l  b ranch  
( s e e  i i g u r e  2 . j ) .  T hroughout  t h e i r  c o u r s e s ,  t h e  p e r i o s t e a l  and 
t e r m i n a l  b r a n c h e s  communicate  w i th  each  o t h e r  v i a  a r c u a t e  a n a s ­
tomotic  a r t e r i e s  ( AXA)  of medium s i z e .  The t e r m i n a l  b r a n c h  g i v e s  
r i s e  t o  s m a l l e r  a r t e r i e s  ( p e r f o r a t i n g  a r t e r i e s )  which c o n t i n u e  
p e r p e n d i c u l a r l y  t o  t h e  s k i n  s u r f a c e • As t h e  p e r f o r a t i n g  a r t  ry 
e n t e r s  tne  lower d e r m i s ,  i t  b r a n c h e s  i n t o  t e r m i n a l  a r t e r i e s ,  
which  c o n t i n u e  p e r p e n d i c u l a r l y  to wards  t h e  s k i n  s u r f a c e ,  and 
a n a s t o m o t i c  dermal  b r a n c h e s  which run p a r a l l e l  t o  t h e  s k in  
s u r f a c e  t o  form an a r t e r i a l  a r c a d e  w i t h  s i m i l a r  b r a n c h e s  from 
a d j a c e n t  a r t e r i e s .
As the  t e r m i n a l  a r t e r i e s  r i s e ,  t h e i r  smooth m usc le  c o a t s  become 
t h i n n e r .  Those b r a n c h e s  n e a r  t o  sweat  g l a n d s  and h a i r  f o l l i c l e s  
s u p p l y  t h e s e  s t r u c t u r e s .  They t e r m i n a t e  j u s t  under  the  e p id e r m i s  
i n  a s u b p a p i l l a r y  c a p i l l a r y  p l e x u s .  The i n d i v i d u a l  p a p i l l a r y  
l o o p s  r i s e  p e r p e n d i c u l a r l y  ou t  of  t h e  p l e x u s  i n t o  t h e  p a p i l l a e  
r i d g e s  i n  t h e  bo t tom  l a y e r  of t h e  e p i d e r m i s  ( s e e  f i g u r e  A 2 .1 ) .  
These  c a p i l l a r i e s  a r e  v e r y  t h i n  (15pm [62] i n  d i a m e t e r ) ,  shaped 
l i k e  h a i r p i n s  and a r e  l i n e a r l y  s p a ce d  a l o n g  t h e  u n d e r s u r f a c e  of 
t h e  e p i d e r m i s . 1 he p a s s a g e  of  r ed  b lood  c e l l s  t h r o u g h  t h e s e  
v e s s e l s  c a n n o t  be te rmed  a " f l o w " .
As the  c a p i l l a r i e s  t u r n  t h e y  d r a i n  i n t o  a venous  p l e x u s  which 
i n t e r m i n g l e s  w i th  t h e  s u b p a p i l l a r y  c a p i l l a r y  p l e x u s .  Venules  
d e s c e n d  from t h i s  p l e x u s  i n  a c a n d e l a b r a  f a s h i o n  i n t o  an 
i n t e r m e d i a t e  venous p l e x u s . Venous d r a i n a g e  from h a i r  f o l l i c l e s
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and sweat  g l a n d s  a l s o  e n t e r  t h i s  p l e x u s .  F i n a l l y ,  v e s s e l s  d e s c e n d  
i n t o  a t h i r d ,  deep p l e x u s ,  l o c a t e d  in  t h e  deep d e r m i s . V a lve s  
a p p e a r  i n  t h e s e  v e i n s .  The v e s s e l s  c o n n e c t i n g  t h e  deep and 
i n t e r m e d i a t e  p l e x i  o f  t e n  c o n t a i n  a s p h i n c t e r  of  smooth m usc le  
which may h e lp  t o  r e g u l a t e  the  c i r c u l a t i o n  and t r a n s f e r  of  w a s t e  
and s o l u t e s . The volume of t h e  s u p e r f i c i a l ,  i n t e r m e d i a t e  and deep 
p l e x i  i s  abou t  f i f t e e n  t im e s  t h a t  of  t h e  a r t e r i a l  s u p p l y .  The 
p r o x i m i t y  of  the  a r t e r i e s  and v e i n s  i n  t h e  v a r i o u s  p l e x i  p r om o te s  
t h e  p o s s i b i l i t y  f o r  h e a t  e xc hange  be tw een  a r t e r i a l  and venous  
b l o o d .
There a r e  numerous a r t e r i o v e n o u s  a n a s t o m o s e s  c o n n e c t i n g  t h e  
v a r i o u s  a r t e r i a l  and venous  p l e x i .  These v e s s e l s  a r e  20-40Um i n  
d i a m e t e r ,  w i th  t h i c k  m u s c u l a r  w a l l s  r i c h l y  s u p p l i e d  w i t h  n e r v e  
f i b r e s .  The f u n c t i o n  of  t h e  most  s i m p l e  a n a s t o m o s e s  i s  s i m p l y  t o  
s hun t  b l o o d  from t h e  a r t e r i a l  t o  venous  c i r c u l a t i o n s  so  as  t o  oe 
a b l e  to  c o n t r o l  t h e  volume a i d  r a t e  of  f lo w  of  t h e  c u t a n e o u s  
b lo o d .  The more complex s t r u c t u r e s  r e s e m b le  o r g a n s .  The f u n c t i o n s  
o f  t h e s e  (glorai.s o r g a n s ) i s  n o t  c l e a r .  Hale  and Burch [34]  
b e l i e v e  t h a t  t h e  d i g i t a l  glomus o r g a n s  may s e r v e  a n e u r o v a s c u l a r  
f u n c t i o n  s i m i l a r  t o  thv c a r o t i d  b o d i e s .
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S u b p a p i l l a r y
P l e x u s
Venous
P le x u s
C u taneous
P l e x u s
A r t e r i o - V e n o u  
Anas tomos i s
A r t e r i o - V e n o u s  
A n a s t o m o s i s
F i g u r e  A2.1 Blood V e s s e l s  o f  t h e  S k i n  ( S c h e m a t i c )  
(Hand c o p i e d  from I 4 3 ) ,  s e c t i o n  7, page  194 ,  t i g  1)
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APPENDIX 3 ABSORPTION AND SCATTERING FACTORS
The d i f f u s i o n  e q u a t i o n  and Kubelka-Munk t h e o r y  f o r  r e f l e c t a n c e  
and t r a n s m i s s i o n  r e q u i r e  a b s o r p t i o n  and s c a t t e r i n g  f a c t o r s  f o r  
t i s s u e  a n d  b l o o d .  These  v a l u e s  h a v e  been  i n d i r e c t l y  m ea su red  by a 
n u m b e r  of  w o r k e r s .  A c o l l e c t i o n  o f  r e s u l t s  i s  p r e s e n t e d  i n  t h i s  
a p p e n d i x .  As can  b e  s e e n ,  t h e s e  f a c t o r s  a r e  d i f f i c u l t  t> m easu re  
a c c u r a t e l y ,  b e c a u s e  t h e  v a l u e s  a l s o  depend on t h e  t y p e  of  
i n s t r u m e n t a t i o n  used [80] ( i . e .  on t h e  bandw id th  of  t h e  l i g h t
s o u i '  e, t h e  type  of  r e c e p t o r ,  e t c . )  The v a l u e s  show a l a r g e  
n a t t e r .  Only t h e  a b s o r p t i o n  f a c t o r s  f o r  b lood  may be t r e a t e d  
w i th  c o n f i d e n c e ,  a s  t h e s e  have g e n e r a l l y  been  m easured  c a r e f u l l y .
A. 3. 1 ADSORPTION FACTOR
A. 3. 1.1 T i s s u e
The a b s o r p t i o n  of  t i s s u e  i s  s m a l l  and c a n  u s u a l l y  be n e g l e c t e d  
[90],  Cohen [75] and T a k a t a n i  e t  a l  [98]  p r e s e n t  a v a l u e  of  0 , 3  
p e r  cm f o r  t h e  a o s o r p t i o n  of  g u t  t i s s u e .  I t  i s  q u e s t i o n a b l e  a s  to  
whe the r  the  o p t i c a l  p r o p e r t i e s  o f  s k i n  a r e  s i m i l a r  "o t h o s e  of 
gu t  t i s s u e .  The e x p e r i m e n t a l  r e s u l t s  of  c h a p t e r  5 and t h e  
t r a n d u c e r  models of  c h a p t e r  3 s u g g e s t  t h a t  t h e  a b s o r p t i o n  of  s k i n  
i s  no t  n e g l i g i b l e .
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APPENDIX 3 ABSORPTION AND SCATTERING FACTORS
The d i f f u s i o n  e q u a t i o n  and  KubeIka-Munk t h e o r y  f o r  r e f l e c t a n c e  
and t r a n s m i s s i o n  r e q u i r e  a b s o r p t i o n  and  s c a t t e r i n g  f a c t o r s  f o r  
t i s s u e  and b l o o d .  These  v a l u e s  have  b e e n  i n d i r e c t l y  m ea s u red  by a 
number of  w o r k e r s . A c o l l e c t i o n  o f  r e s u l t s  i s  p r e s e n t e d  i n  t h i s  
a p p e n d ix .  As can be s e e n ,  t h e s e  f a c t o r s  a r e  d i f f i c u l t  t o  m easure  
a c c u r a t e l y ,  b e c a u s e  t h e  v a l u e s  a l s o  depend  on t h e  t y p e  of  
i n s t r u m e n t a t i o n  used  [80] ( i . e .  on t h e  b a n dw id th  of  t h e  l i g h t
s o u r c e ,  t h e  type  o f  r e c e p t o r ,  e t c . )  The v a l u e s  show a l a r g e  
s c a t t e r .  Only t h e  a b s o r p t i o n  f a c t o r s  f o r  b l o o d  may be t r e a t e d  
w i t h  c o n f i d e n c e ,  a s  t h e s e  have  g e n e r a l l y  been  measured c a r e f u l l y .
A . 3.1 ABSORPTION FACTOR
A . 3 . 1 . 1  T i s s u e
The a b s o r p t i o n  of  t i s s u e  i s  s m a l l  and c a n  u s u a l l y  be n e g l e c t e d  
190], Cohen [75] and T a k a t a n i  e t  a l  [98]  p r e s e n t  a v a l u e  of  0 , 3  
p e r  cm f o r  t h e  a b s o r p t i o n  o f  g u t  t i s s u e . i t  i s  q u e s t i o n a b l e  a s  to  
w h e th e r  t h e  o p t i c a l  p r o p e r t i e s  o f  s k i n  a r e  s i m i l a r  t o  t h o s e  of 
g u t  t i s s u e .  The e x p e r i m e n t a l  r e s u l t s  of  c h a p t e r  5 and t h e  
t r a n d u c e r  models  of c h a p t e r  3 s u g g e s t  t h a t  t h e  a b s o r p t i o n  o f  s k i n  
i s  no t  n e g l i g i b l e .
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A. 3. 1 .2  Blood
As was d i s (  u s s e d  in  c h a p t e r  3, t h e  a b s o r p t i o n  o f  l i g h t  by b lood  
depends  on t h e  oxygen s a t u r a t i o n  o f  t h e  b l o o d  and th e  w a v e l e n g t h  
o f  l i g h t  u s e d .  The c o e f f i c i e n t s  a r e  t h u s  p r e s e n t e d  f o r  o x y g e n a te d  
and r e d u c e d  haem oglob in  as  a f u n c t i o n  of  w a v e l e n g t h .  The a b s o r p ­
t i o n  f a c t o r  of  a b l o o d  sample w i t h  a v e r a g e  b lo o d  s a t u r a t i o n  S i s  
t h e n  c a l c u l a t e d  from:
a = S (ao)  + (1 -S )  a r  
where ao -  a b s o r p t i o n  of  o x y g e n a te d  h a e m o g lo b in
a r  -  a b s o r p t i o n  of  r ed u c e d  h a e m o g lo b in
The f a c t o r s  ao and a r  a r e  c a l c u l a t e d  from t h e  e x t i n c t i o n  
c o e f f i c i e n t  f o r  haemolysed  b l o o d .  T a b l e  A3. 1 p r e s e n t s  a c o l l e c ­
t i o n  of  n o r m a l i s e d  a b s o r p t i o n  c o e f f i c i e n t s ,  ( i . e .  f o r  a haemog­
l o b i n  c o n c e n t r a t i o n  of  I g / lO O m l) . Thus t h e  a b s o r p t i o n  of  a b l o o d  
sample w i t h  a haemoglob in  cone i t r a t i o n  C g /100m l  w i l l  be  g i v e n  
by
(a x C)
Z dro jkow sk i  and P i s h a r o t y  have  c a l c u l a t e d  a b s o r p t i o n  f a c t o r s  f rom 
e x t i n c t i o n  c o e f f i c i e n t s  t h a t  were m easu red  u s i n g  c o l l i m a t e d  
l i g h t -  In t h e i r  c a l c u l a t i o n s ,  t h e y  a p p e a r  t o  n e g l e c t  t h e  d i f ­
f e r e n c e  be tw een  d i f f u s e  and c o l l i m a t e d  a b s o r p t i o n  c o e f f i c i e n t s  
( s e c t i o n  3 . 3 . 1 ) .  In a d d i t i o n  t h e y  i n t r o d u c e ,  f o r  some unVaown 
r e a s o n ,  a f a c t o r  o f  1 ,5  i n t o  t h e i r  c a l c u l a t i o n s .  T h e r e f o r e  the  
v a l u e s  g i v e n  by Zd ro jkow sk i  and P i s h a r o t y ,  a r e  0 , 7 5  t i m e s  t h e  
v a l u e s  p r e d i c t e d  by J a n s s e n  [ 8 3 J . The o t h e r  s o u r c e s  do no t  
s p e c i f y  e x a c t l y  how t h e i r  v a l u e s  were a r r i v e d  a t .
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T a k a t . [98]H i rk o  [82]Zdro j  [100]Cohen [7 5]
(cm-')(cm' )
( n n )




0, 23 1, 83
650
0, 16 1, 54
655
0 , 21660
0 , 1 6  1, 49
665
0 , 4 2  0 , 4 30 , 4 2  0, 420 ,4 1  0 ,4 10, 38 0, 38805
0 ,5 1  0 , 3 90, 49 0, 35850
0, 56 0, 42
0, 54 0, 36900
935
945
T a b l e  A3.1 N o r m a l i s e d  A b s o r p t i o n  C o e f f i c i e n t s  o f  B l o o d
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A . 3 .2  SCATTERING FACTOR 
A. 3 . 2 . 1  T i s s u e
Va lues  a r e  d i f f i c u l t  t o  o b t a i n .  Cohen and L o n g in i  g i v e  v a l u e s  of  
JO-55 cm-  ^ f o r  w h i t e  s k i n  and 6 0 -7 0  cm- 1 f o r  da rk  s k i n .  On the  
o t h e r  hand ,  T a k a t a n i  and Graham g i v e  the  normal  p h y s i o l o g i c a l  
r an g e  as  10-15 cm f o r  t i s s u e .  T h e i r  measurem ents  were  pe rfo rmed 
on gut  t i s s u e ,  washed  w i t h  s a l i n e .  The re  i s  no i n d i c a t i o n  a s  to  
how t h i s  w i l l  change  f o r  d i f f e r e n t  t y p e s  of  t i s s u e . The p r e s e n t  
a u t h o r  p r o p o s e s  t h a t  t h e r e  i s  a s u b s t a n t i a l  v a r i a t i o n  of  s c a t ­
t e r i n g  c o e f f i c i e n t s  be tw een  th e  d i f f e r e n t  t y p e s  of  t i s s u e .  In 
a d d i t i o n ,  most  a u t h o r s  n e g l e c t  p o s s i b l e  v a r i a t i o n s  w i t h  w ave le ­
n g t h  ( s e e  s e c t i o n  3 . 3 . 1 ) .
A. 3 . 2 . 2  Blood
I h e  s c a t t e r i n g  by b lood  depends  on t h e  h a e m a t o c r i t . S e v e ra l  
f o r m u a la e  have been  p r e s e n t e d  f o r  t h e  s c a t t e r i n g  f a c t o r  such as  
( i n  cm- 1 )
( i )  64 H (1-H) Cohen and L o n g i n i  | 75]
Taka ta i .  caham &8 )
( i i )  25 H (1-11) Z d ro jkow sk i  and P i s h a r o t y  I 100]
( i f f )  H(1-H) (54,  1 -  38, 9711) H i rko  e t  a l  [ 82]
( i v )  4 3 , 1H3-  99, 7H"+ 5 6 , 1H -  0, 15 B a r b e n e l  e t  a l  I 74]
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T a b l e  A3.2 compares t h e  v a l u e s  o b t a i n e d  v i a  the  above fo rm u la  f o r  







T a k a t a n i
cm-1
B a r b e n e l
cm-1
15,84 6, 19 9 ,0 5 15 ,8 8 ,8 3
T a b le  A3.2 Comparison o f  r '. , S c a t t e r i n g  S c a t t e r i n g  F a c t o r s .
A . 3 .3  CONCLUSION
I t  t h e r e f o r e  a p p e a r s  t h a t  t h e r e  e x i s t  s u b s t a n t i a l  d i f f e r e n c e s  i n  
th e  l i t e r a t u r e  c o n c e r n i n g  t h e  o p t i c a l  p a r a m e t e r ^  of  t i s s u e  and 
b l o o d .  P r e v io u s  work was m a i n ly  aimed a t  o b t a i n i n g  s o l u t i o n s  t o  
t h e  r e l a t i v e l y  complex model  e q u a t i o n s .  To th e  a u t h o r s  knowledge ,  
no s t u d y  h a s  been u n d e r t a k e n  to  s y s t e m a t i c a l l y  i n v e s t i g a t e  the&r 
p a r a m e t e r s •
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APPLNiOX 4 DETAILED DESCRIPTION OF DATA HANDLING ROHTTNrc
A* 4.1 I n t r o d u c t i o n
The d a t a  h a n d l i n g  p r o b le m  i s  t o  c o n v e r t  t h e  a n a l o g  o x i m e t e r  
o u t p u t s  t o  d i g i t a l  r e p r e s e n t a t i o n ,  which would  t h e n  be a v a i l a b l e  
a s  i n p u t  t o  d a t a  p r o c e s s i n g  r o u t i n e s  ( s u c h  a s  g r a p h  p l o t t i n g ,  
model f i t t i n g ,  e t c ) .  A l l  d a t a  r e c o r d s  a r e  t i m e  r e c o r d s  and h e n c e  
sample v a l u e s  must be o r d e r e d  w i t h  r e s p e c t  t o  t im e .  F u r t h e r m o r e  
t h e  number of  c h a n n e l s  t o  be r e c o r d e d  d u r i n g  an e x p e r i m e n t  
v a r i e s  be tw een  2 - 4 .  At t h e  s a m p l in g  i n s t a n t ,  a l l  c h a n n e l s  a r e  
s e q u e n t i a l l y  sampled  and s t o r e d  in  a d j a c e n t  l o c a t i o n s .  At p r o c e s -  
s i n g  t im e  each  c h a n n e l  i s  t o  be I n d i v i d u a l l y  t r e a t e d ,  and h e n c e  
t h e  a d j a c e n t  s t o r a g e  p a t t e r n  has  t o  be d e c o d e d .  The c o m p l e t e  d a t a  
h a n d l i n g  p r o c e s s  i s  o u t l i n e d  i n  f i g u r e  A 4 . 1




















F i g u r e  A . 4 .1  The Da ta  H a n d l in g  P r o c e s s
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As d e s c r i b e d  i n  s e c t i o n  4 . 4 ,  t h e  d a t a  g a t h e r i n g  s y s t e m  c o n s i s t s  
of  two c o m p u t e r s ,  v i z . .  t h e  microNova and  i n t e l l i g e n t  H e w l e t t  
P a c k a rd  26047A g r a p h i c s  t e r m i n a l ,  which  c a n  be l o a d e d  w i t h  BASIC 
i n t e r p r e t e r .  The microNova i s  u sed  to  c o n t r o l  t h e  A/D p r o c e s s ,  
w h i l e  t h e  H.P i s  used  a s  a t a s k  m a n a g e r .  The t h i r d  s e c t i o n  of  the  
o v e r a l l  d a t a  h a n d l i n g ,  i s  t h e  p r o c e s s i n g  p e r f o r m e d  by t h e  IBM 
370 /158 .  Program l i s t i n g s  a r e  g i v e n  i n  a p p e n d i x  8.
A .4 . 2  MicroNova R o u t in e
As was m en t io n e d  in  s e c t i o n  4 . 4 ,  t h e  microNova i s  n o t  g e a r e d  f o r  
program d e v e lo p m e n t .  The m o n i t o r  can o n l y  examine and m odify  t h e  
r e g i s t e r s  and memory l o c a t i o n s . C o n s e q u e n t l y  a l l  r o u t i n e s  had to 
be a s se m b le d  on t h e  d e p a r t m e n t ' s  Nova 3 m in i c o m p u te r  i n t o  an 
a b s o l u t e  b i n a r y  f i l e .  T h i s  f i l e  was t h e n  r e c o r d e d  on c a s s e t t e  
t a p e  and downloaded v i a  t h e  BASIC p ro g ra m  ( s e e  s e c t i o n  A 4 . 3 ) .
The program t h a t  r u n s  i n  t h e  MicroNova c o m p u te r  c o n s i s t s  o f  two 
s e c t i o n s :
( i )  Sam pl ing .
( 1 1 ) C o n v e r s i o n  of  b i n a r y  t o  h e x a d e c i m a l  ASCII c h a r a c t e r s  
and t r a n s m i s s i o n  t o  t h e  H.P .  t e r m i n a l .
The s a m p l in g  r o u t i n e  u s e s  t h e  i n t e r n a l  r e a l  t im e  c l o c k  (RTC) t o  
t ime o u t  t h e  s a m p l in g  i n t e r v a l s .  Once t h e  c l o c k  ha s  been  e n a b l e d .
173
1C causes an Interupt  every 2 ,4  msec. This ,  th e r e fo r e ,  s e t s  an 
upper bound to the sampling rate and a l s o  demands that  the 
sampling rate be an in t e g r a l  m u lt ip le  of 2 ,4  msec. A f low chart  
of the sampling procedure i s  g iven  in  f ig u r e  A 4 .2
Three counters are used. These s to r e :
( i )  The s t a r t i n g  address in memory where sample v a lu es  
are to be s tored .
( i i )  The t o t a l  number of samples to be taken.
( i i i )  The number of RTC in t e r u p t s  between sampling  
i n t e r v a l s .
These v a lu es  are entered  v ia  the BASIC program ( s e c t i o n  A4.3)
The binary to hexadecimal and transmiss ion  s e c t i o n  con ver t s  th, 
binary word corresponding to each sample va lue  to th ree  hexade-  
cimal ASCII characters  ( th e  r e s o l u t i o n  of  the A/D co n v er te r  i s  1: 
b i t s )  and transmits  the ch aracters  to the H.P. term in a l .  It  
Should be noted that as the A/D card only  a cce pts  p o s i t i v e  
voltages ,  the s ign  b i t  can be ignored.  An ASCII "H" i s  t r a n s ­
mitted before  each sample value (This s i g n i f i e s  to  the BASIC 
hexadecimal to decimal converter  that  the data va lue  i s  in f a c t  
hexadecimal) .  The format of  the data records i s  18 sample v a lu e s  
per data record.  Thus a f t e r  every 72 characters  a c a r r ia g e  return  
(CR), l i n e  feed (LF) i s  t ransm it ted .  The a c tu a l  convers ion  of  
binary to hexadecimal In v o lv e s ,  masking and s h i f t i n g  the data 
values so as to make a l l  except the 4 l e a s t  s i g n i f i c a n t  b i t s ,  
?rro.  These 4 b i t s  are then recognised  as a hexadecimal d i v i t ,  
and the equiva lent  ASCII r e p r e s e n ta t i o n  i s  tran sm it ted .  A simp-  
l i f i  a f low chart i s  given  in  f ig u r e  A 4 .3 The H.P. b u f fe r  i s  
cleared before  transmiss ion  b e g in s .  The 'EDIT' mode i s  enabled  











YES ISSUE START 
CONVERSION ON 





READ VALUE FROM 
RTP
INITIALISE COUNTERS 




STORE IN NEXT 
AVAILABLE MEMORY 
LOCATION




 <(  COMPLETE DATA RECORD?
YES
TRANSMIT CR LF
CONVERT TO HEX DIGIT
RANSMIT TO H.P .  TERMINAL
NO
<^ 3  DIGITS TRANSMITTED?^





TURN OFF EDIT MODE
FETCH NEXT SAMPLE VALU
MASK TO FIND 4 LEAST 
SIGNIFICANT BITS
SET COUNTER = STARTING ADDRESS
CLEAR H.P .  BUFFER. TURN ON 
EDIT MODE
F i g u r e  A4.3 C o n v e r s i o n  and T r a n s m i s s i o n
176
A" 4. 3 The Task Manager and J J t i  1 i i ; i e s
The H.P.  2647 g r a p h i c s  t e r m i n a l  i s  an  i n t e l l i g e n t  t e r m i n a l  w i t h  
two c a r t r i d g e  t a p e  d r i v e s  and can  be l o a d e d  w i t h  a BASIC 
i n t e r p r e t e r .
A BASIC, p rog ram  was w r i t t e n  which manages t h e  whole d a t a  c a p t u r e  
f a c i l i t y .  F i v e  b a s i c  commands a r e  a c c e p t e d  by t h e  e x e c u t i v e .  The 
fo rm at  of  t h e  commands i s
XXXXn
where XwXX i s  a 4 l e t t e r  command
and n i s  a d i g i t  which  i s  r e q u i r e d  by t h r e e  o f  t h e  commands
and s p e c i f i e s  a t i l e  number on t h e  r i g h t  t a p e  d r i v e .






Each command i s  b r i e f l y  d i s c u s s e d  in  t h e  f o l l o w i n g  s u b s e c t i o n s
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A. 4. 3. 1 I.OADn
T h is  co»M „d I n i t i a t e s  t h e  d o w n lo a d in g  „ r  an a b a o l u t e  b l n a r y  f U e  
o b t a i n e d  from th e  NOVA 3 a s s e m b l e r .  The f i l e  t o  be l o a d e d  i s  f i l e
" t " e r l S h t  ' a s 9 e t ^  d r l v e .  The l i s t i n g  f rom  t h e  a s s e m b l e r
b a s i c a l l y  c o n s i s t s  of  two co lu m ns ,  t h e  f i r s t  column c o n t a i n s  t h e  
l o c a t i o n ,  and the  second  co lum n,  t h e  c o n t e n t s .  The p rog ram  l o a d s  
each  a d d r e s s  v i a  the  - I c r o N o v a  m o n i t o r .  As e a c h  memory a d d r e s s  1 ,  
l o a d e d ,  i t s  c o n t e n t s  a r e  d i s p l a y e d  on t h e  s c r e e n .
A. 4 . 3 .  2 SAMP
This command i n i t i a t e s  a s a m p l i n g  s e s s i o n .  S e l f  e v i d e n t  q u e s t i o n s  
a l l o w  r e l e v a n t  p a r a m e t e r s  t o  be  p a s s e d  t o  t h e  mlc roNova .
t h e  p a r a m e t e r s  p a s se d  a r e :
( i )  The t o t a l  number of  s a m p l e s  t o  be t a k e n ,  
( n ) The number of  c h a n n e l s  t o  be s a m p le d .  
( H i )  Number of  RTC i n t e r u p t s  be tw een  s a m p l e s .
the d a t a  h a s  b e e n  e n t e r e d ,  t h e  a c t u a l  s a m p l i n g  i s
n t i . t . d  by S t r i k i n g  key  " S " .  The example  s e s s i o n  ■„ a p p e n d i x  5 
11 J u s t r a t e s  tlie t ibovp.
once t h e  mlcroNova has t r a n s m i t t e d  a l l  t h e  d a t a  v a l u e s  t o  t h e  
" • I .  t e r m i n a l ,  t h e  u s e r  a g a i n  s t r i k e s  key  ' s ' ,  so  a s  t o  r e c o r d
" ' t l ,C. S° mPlC V° 1” 3 on t h « “ She d r i v e .  A h e a d e r  r e c o r d  
c o n s i s t i n g  of t h e  f o l l o w i n g  i s  i n c l u d e d :
1 7 c
( i )  Number of  s am p les  i n  f i l e .
( i i )  D u r a t i o n  of t h e  e x p e r im e n t  i n  s e c o n d s .
The l a s t  r e c o r d  i n  t h e  f i l e  c o n s i s t s  o f  a d e s c r i p t i o n  o f  th e  d a ta  
( type d  i n  by t h e  u s e r  a t  the  a p p r o p r i a t e  p o i n t ) .
A .A .3 . 3  AVERn
T h i s  command i n i t i a t e s  e l e m e n t a r y  p r o c e s s i n g  o f  t h e  raw d a t a  
f o l l o w i n g  a s a m p l in g  s e s s i o n .  The raw d a t a  i s  t o  be found  in  i l l .  
n on the  r i g h t  d r i v e .  The p r o c e s s i n g  c o n s i s t s  o f  two s t a g e s .
F i r s t l y ,  t h e  DC v a l u e  ( a v e r a g e  v a l u e )  of e a c h  d a t a  c h a n n e l  i s  
computed.  In  t h e  second  s t a g e ,  the  second  d a t a  c h a n n e l  i s  p l o t t e d  
a c c o r d i n g  t o  t h e  s e l e c t e d  f u n c t i o n  ( s e e  be lo w )  on t h e  n o r m a l i s e d  
s c a l e  ( - 1 ; 1 ) .  At t h e  same t im e  a l l  t h e  d a t a  v a l u e s  a r e  c o n v e r t e d  
from h e x a d e c im a l  to  d e c im a l  and s t o r e d  on t h e  l e f t  d r i v e .  T h i s  
f a c i l i t y  i s  o p t i o n a l .  S e l f  e v i d e n t  q u e s t i o n s  c o n t f o l  t h e  p l o t t i n g  
and s t o r a g e  of the  d a t a  ( s e e  example s e s s i o n  i n  append i t  5 ) .  vo r  
f u r t h e r  d e t a i l s  c o n c e r n i n g  t h e  c o n t r o l  o f  t h e  p l o t t i n g  f u n c t i o n ,  
s t e command PLOT.
When th e  d a t a  v a l u e s  a r e  c o n v e r t e d  and c o p i e d  o n t o  t h e  l e f t  
d r i v e ,  t h e y  a r e  a l s o  s t o r e d  a s  18 d a t a  v a l u e s  p e r  r e c o r d .  In t h i s  
c a s e  each  d a t a  v a l u e  i s  a 4 d i g i t  ( d e c i m a l )  i n t e g e r .  Again  t h e  
d a t a  f rom a l l  t h e  chanm  I s  a r ; s t o r e d  n e x t  t o  e a c h  o t h e r .  A 
t y p i c a l  d a t a  r e c o r d  f o r  t h e  c a s e  of  4 d a t a  c h a n n e l s  i s  shown i n  
f i g u r e  A . 4 .4
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4 d i g i t s  4 d i g i t s
Channel  0 Cha nne l  1 C hanne l  2 C h a n n e l  3 Channel  0 C h a n n e l  1
1 4 8 68 72
F i g u r e  A . 4 . 4  D a ta  Record  Format
The h e a d e r  and t a i l  r e c o r d s  a r e  a l s o  c o p i e d ,  however t h e  h e a d e r
r e c o r d  i s  e x t e n d e d  t o  i n c l u d e  t h e  a v e r a g e  v a l u e s  of  a l l  t h e  d a t a
c h a n n e l s •
A . 4 . 3 . 4  PLOTn
T h i s  command i n t i a t e s  t h e  s e c o n d  s t a g e  of  AVER. S e l f  e v i d e n t  
q u e s t i o n s  c o n t r o l  t h e  p l o t t i n g • I t  s h o u l d  be n o t e d  t h a t  t h e  u s e r  
may s e l e c t  t h e  d a t a  c h a n n e l  t o  be p l o t t e d .  The number ing  scheme 
numbers the  c h a n n e l s  s e q u e n t i a l l y ,  s t a r t i n g  from z e r o .  A s c a l e  
f a c t o r  i s  r e q u e s t e d • The n o r m a l i s e d  d a t a  v a l u e s  a r e  f i r s t  
m u l t i p l i e d  by th e  s c a l e  f a c t o r  b e f o r e  p l o t t e d .  T h i s  i s  s i m p l y  a 
t e c h n i q u e  f o r  p r o v i d i n g  e x t r a  g a i n .  In  r e s p o n s e  to  t h e  prompt
"FUNCTION TO BE PERFORMED ? " ,  t h e  u s e r  may r e s p o n d  w i t h  one of
t h e  f o l l o w i n g :
( i )  AVER
( i i )  MARK 
( i l l )  D1VS
AVER -  s e l e c t s  t h a t  t h e  AC component  s h o u l d  be p l o t t e d .
MARK -  i m p l i e s  t h a t  t h e  s e l e c t e d  c h a n n e l  i s  an e v e n t  m a r k e r ,  i . e .  
e i t h e r  0 v o l t s  o r  +5 v o l t s  i s  a p p l i e d  v i a  a s w i t c h .  The i n i t i a l
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s t a t e  i s  assumed t o  be 0 v o l t ,  s u b s e q u e n t  e v e n t s  a r e  d e s i g n a t e d
by s w i t c h i n g  t h e  s w i t c h .  As t h e  r o u t i n e  e n c o u n t e r s  a s w i t c h
change ,  i t  draws a v e r t i c a l  l i n e  on t h e  p l o t  a t  t h e  a p p r o p r i a t e  
t ime  p o s i t i o n .
DIVS -  s e l e c t s  t h a t  t h e  AC component of  t h e  r a t i o :
CHANNEL 1 
CHANNEL 2
i s  to  be p l o t t e d .
A . 4 . 3 . 5  GRAF
T h is  command i s  n o t  s t r i c t l y  a s s o c i a t e d  w i t h  t h e  d a t a  c a p t u r e
f a c i l i t y .  I t s  p u r p o s e  i s  to  a l l o w  g r a p h s  t o  be s i m p l y  p l o t t e d .
c-pt ions a r e  a v a i l a b l e  i n  r e s p o n s e  t o  t h e  q u e s t i o n  "FUNCTION 
TO BE PERFORMED".
FUNC -  i m p l i e s  t h a t  t h e  g rap h  i s  a v a i l a b l e  i n  f u n c t i o n a l  fo rm  i n  
s u b r o u t i n e  FUNCT (p rogram  s t a t e m e n t s  numbers  4080 -  4140)
DATA -  i m p l i e s  t h a t  t h e  g r a p h  i s  t o  be p l o t t e d  from a s e t  o f  X, Y 
d a t a  p o i n t s  s t o r e d  on t h e  r i g h t  c a r t r i d g e  t a p e .
A . '4. 4 IBM R o u t i n e s
The dec im al  d a t a  f i l e s  o b t a i n e d  v i a  t h e  BASIC r o u t i n e s  d e s c r i b e d  
above ,  were used  a s  i n p u t  f o r  f u r t h e r  p r o c e s s i n g  by t h e  U n i v e r -  
s i t y  s c e n t r a l  IBM 370 /158  compute r  s y s t e m .  T h i s  p r o c e s s i n g  
c o n s i s t s  of  f a s t  f o u t l e t  t r a n s f o r m s ,  l e a s t  s q u a r e s  model  f i t t i n g  
and p l o t t i n g  r o u t i n e s .  These  p rogram s  a r e  n o t  r e l e v a n t  t o  t h e  
d a t a  h a n d l i n g  s e c t i o n  and a r e  t h e r e f o r e  no t  d i s c u s s e d .  However , 
one u t i l i t y  p rogram which  d i v i d e d  t h e  d a t a  f i l e  a c c o r d i n g  t o  t h e
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c h a n n e l  number w i l l  be d e s c r i b e d .
The sample v a lu e s  f rom t h e  d i f f e r e n t  c h a n n e l s  i n  the  d a t a  f i l e s  
o b t a i n e d  from th e  d a t a  a c q u i s i t i o n  s y s t e m  a r e  i n t e r m i n g l e d  one 
w i t h  a n o t h e r .  The aim of  t h e  u t i l i t y  p rog ra m  i s  t o  s e p a r a t e  t h e
c h a n n e l s .  The program i s  w r i t t e n  i n  FORTRAN IV and can run i n  t h e
WITS s y s te m .  (The WITS s y s t e m  i s  an i n t e r a c t i v e  t e r m i n a l  s y s t e m  
a v a i l a b l e  on the  c e n t r a l  c o m p u t e r ) . The program w i l l  e i t h e r  
p r e p a r e  t h e  d a ta  f o r  p l o t t i n g  on t h e  H e w l e t t - P a c k a r d  7221A 
f l a t b e d ,  g r a p h i c s  p l o t t e r  o r  f o r  f u r t h e r  p r o c e s s i n g .  In  t h e  
l a t t e r  c a s e ,  the  d a t a  v a l u e s  f o r  t h e  c hosen  c h a n n e l  a p p e a r s  i n  
t h e  o u t p u t  w o r k s p a c e . The c h a n n e l  number and o p t i o n  a r e  i n p u t t e d  
v i a  s e l f  e v i d e n t  q u e s t i o n s . I t  s h o u l d  be  n o t e d  t h a t  t h e  c h a n n e l  
numbering  scheme assum es  t h a t  t h e  f i r s t  c h a n n e l  i s  d e s i g n a t e d  
number one .
The o p t i o n s  a r e  chosen  i n  r e s p o n s e  t o  t h e  q u e s t i o n :
C0111 LAND, CHANNEL NO., SCALE FACTOR?
The u s e r  r e p l i e s  w i th  
XXXX N M
w h e r e :
XXXX i s  a f o u r  l e t t e r  command 
N i s  t h e  c h a n n e l  number t o  be p r o c e s s e d
M i s  t h e  s c a l e  f a c t o r
A v a i l a b l e  commands a r e :
( i )  PLOT 
(11) DIVS
( i i i )  MARK
( i v )  CMOS
(v) PICK
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The raw d a t a  i s  n o r m a l i s e d  t o  t h e  r an g e  ( 0 ;  1) and t h e n  m u l t i p l i e d  
by s c a l e  f a c t o r  M.
The a c t i o n  of  t h e  commands a r e  ’- i s c r i b e d  i n  t h e  f o l l o w i n g  
s u b s e c t i o n s
A. 4. 4 .1  PLOT
T h is  command p r e p a r e s  t h e  d a t a  s o  as  to  e n a b l e  t h e  AC component  
t o  be p l o t t e d  ( s c a l e d  by t h e  v a l u e  of  t h e  s c a l e  f a c t o r ) .
A. 4 . 4 . 2  D1VS
DIVS p r e p a r e s  t h e  AC component  of  the  r a t i o  o f  t h e  f i r s t  c h a n n e l  
to  t h e  s eco n d  c h a n n e l  f o r  p l o t t i n g .  The s c a l e  f a c t o r  i s  a p p l i e d  
to  t h e  r a t i o .
A . 4 . 4 . 3  MARK
T h is  command i n i t i a t e s  t h e  same a c t i o n  a s  t h e  o p t i o n  MARK 
d e s c r i b e d  in  s e c t i o n  A 4 . 3 .4 .  S c a l e  f a c t o r  M i s  o b v i o u s l y  i r ­
r e l e v a n t  ( a l t h o u g h  a v a l u e  must  be e n t e r e d ) .
A. 4 . 4 . 4  CMOS
CMOS i s  t h e  o p t i o n  which s e l e c t s  the  c h a n n e l  d a t a  and w r i t e s  ' c 
to  t h e  o u t p u t  w o r k s p a c e .  The d a t a  i s  w r i t t e n  v i a  a FORTRAN WRITE 
s t a t e m e n t ,  u s i n g  fo rm a t  E13.7
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A . 4 . 4 . 5  PICK
PICK w i l l  s e l e c t  t h e  d a t a  v a l u e s  f rom t h e  f i r s t  two c h a n n e l s ,  
b u t ,  o n l y  those  d a t a  v a l u e s  t h a t  l i e  be tw e en  t h e  f i r s t  two e v e n t  
m a r k e r s .  Each r e c o r d  w r i t t e n  c o n s i s t s  o f  t h r e e  v a l u e s  i e .  t h e  
t ime e l a p s e d  a t  which th e  f o l l o w i n g  two n o r m a l i s e d  d a t a  c h a n n e l  
c a l u e s  were r e c o r d e d .  In  t h i s  c a s e ,  c h a n n e l  number N d e s i g n a t e s  
t h e  c h a n n e l  number which was used  t o  mark e v e n t s .  S c a l e  f a c t o r  M 
i s  i r r e l e v a n t .
Hardcopy p l o t s  a r e  o b t a i n e d  v i a  e x e c u t i o n  o f  a m o d i f i e d  v e r s i o n  
of  a g e n e r a l  p l o t t i n g  u t i l i t y .  The f o r m a t  of  t h e  d a t a  p r e p a r e d  by 
t h e  above commands i s  d i r e c t l y  c o m p a t i b l e  w i t h  t h i s  u t i l i t y .
l i n a l l y ,  i t  s h o u ld  be n o t e d  f o r  e v e r y  command p r o c e s s e d , t h e  
p rogram r e a d s  the  whole raw d a t a  f i l e .  As t h e  WITS s y s te m  does  
n o t  a l l o w  r e w ind ing  of  d a t a  f i l e s ,  t h e  u s e r  i s  r e q u i r e d  to  i n s e r t  
t h e  raw d a t a  f i l e  t h e  same number o f  t i m e s  a s  t h e r e  a r e  commands 
(Th is  i s  c o n v e n i e n t l y  a r r a n g e d  u s i n g  t h e  /INC s t a t e m e n t . )
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APPENDIX 5 SAMPLE SESSION
This  a p p e n d ix  i l l u s t r a t e s  a t y p i c a l  e x p e r i m e n t a l  s e s s i o n .  The 
example shows a " c o l d  s t a r t " ,  a s sum ing  t h a t  t h e  BASIC p r o g ra m  has  
a l r e a d y  been  l o a d e d .  F i r s t l y ,  a s a m p l in g  s e s s i o n  i s  i n i t i a t e d .  
One th o u sa n d  sample v a l u e s  f rom t h r e e  c h a n n e l s  a r e  c o l l e c t e d  and 
s t o r e d  i n  f i l e  1 on t h e  r i g h t  d r i v e .  T h e r e a f t e r  t h e  raw 
(Hexadec imal )  d a t a  i s  p r o c e s s e d  a c c o r d i n g  t o  t h e  command AVER.
>RUN
GIVE ADDRESS OF ONE UNUSED PAGE ZERO MEMORY LOCATION ? 4 
10A 115633 4 
COMMAND ? SAMP
TYPE IN THE NUMBER OF SAMPLES REQUIRED 
? 1000
TYPE IN THE SAMPLING INTERVAL 
NUMBER OF HOURS70 
NUMBER OF MINUTES?5 
NUMBER OF SECONDS?0
TYPE IN THE NUMBER OF CHANNELS BEING USED 
? 3
WHAT FILE NUMBER DO YOU WANT TO USE ON THE RIGHT DRIVE?
? 1
40/000040 177777 
1750:41 /000041  177777 
247143/000043 177777 
3 '
**START THE SAMPLING BY PUTTING TERMINAL INTO REMOTE**
**AND HITTING KEY ' S ' * *
6 OR
TYPE IN A HEADING FOR THE PAST EXPERIMENT 
■> EXAMPLE SESSION
The d a t a  c o l l e c t e d  above  i s  now p r o c e s s e d  a c c o r d i n g  t o  t h e  
command AVER 
COMMAND ? AVER1
SHOULD THE GRAPHICS BE CLEARED?Y 
SCALE FACTOR?5 
COPY DATA TO LEFT TAPE7Y 
FILE NO. ?1
APPENDIX 6 LED DATA
The d a t a  s h e e t s  p r e s e n t e d  in  t h i s  a p p e n d i x  c o v e r  t h e  l i g h t  
s o u r c e s  and d e t e c t o r s  used  i n  t h e  t r a n s d u c e r s  ( s e c t i o n  4 . 3. 3) .  
The OPB 253A d a t a  a r e  r e p r o d u c e d  from [ 1 0 4 ] ,  w h i l e  t h e  r e s t  of  
t h e  d a t a  i s  f rom [105] .
O P T R O N  INC. 187
1201 Tappan Cucle • CarroMio^1 Texas 75006 • USA 
Telephone • 214/242 6571 
T e l e x  • 7 3 -0 7 0 1  T W X  • 9 1 0 - 8 6 0 - 5 9 5 8
Type ORB 2 5 3  A 
R eflective  Object Sensor
B u l l e t i n  N o .  1 0 5 4  A p r i l ,  1 9 7 6
P h y s ic a l  D e sc r ip t io n
- I
R I O O -
B I A C K O
O  WHIT I
c ue « TYP
0  12
0  12
X.X* •  .0 0 1
z
SHOWN ACTUAL S IZ E
G e n e r a l  D esc r ip t ion
The OPB253 consists o f  a gallium arsenide infrared LED and a silicon p h o to t r a n s is to r  in a 
molded plastic housing. The p h o to trans is to r  responds to  radia tion  from the LED o n ly  w hen  
a reflective object is w ith in  its field of view.
F e a t u r e s
•  High Sensitivity
•  Fast Response
•  High Reliability
•  Small Size Designed for Stacking
a b s o l u t e  m a x i m u m  r a t i n g s  (Z B ’C u n l e s s  o t h e r w i s e  n o t e d )
Storage Tem perature ..........................
Operating Tem perature  .....................
Lead Soldering Tem perature (30 sec)
In p u t  D iode
Forward DC Current ........................5 0  mA*
Reverse DC V o l ta g e  3 V
Power Dissipation  80 mW* *
• D e r e t e  l i n e a r l y  0 67 m A / * C  e l t u v e  2b * C  
• • D e r a t e  l i n e a r l y  1 07 m W / * C
- 40  
40
t o  1 2 5 ’ C 
t o  1 0 0 ‘ C 
. .  2 6 0 " C
p u t  S e n s o r
co l lec to r  Emitter Voltage .....................2 5 V
Emitter Collector Voltage ........................5V
Power Dissipation ................... 5 0  m W  * * *
•  *  e D # r e t e  h n e e r f y  0 67 m W / *C rbove 25*C
Type O PB253A  q p t r o n . i n c .
R eflective  Object Sensor
B u l l e t i n  No.  1054 April, 1976
e l e c t r i c a l  c h a r a c t e r i s t i c s  (2 5° C  f r e e  air t e m p e r a t u r e  u n l e s s  o t h e r w i s e  n o t e d )
S YM B O L P A R A M ET E R MIN M A X UNITS
t e s t  c o n d i t i o n s
C o m b i n ­




Photocurren t (See Note T) 
Photocurrent (See Note 2) 




p A  
P A  
P A
l f = 40  m A. v c£ = 5V , d - .2 0 0  in (See Fig 1) 
lF = 40  m A , Vct = 5V, d  = .2 0 0  in (See Fig 1) 
i ( 4 0  mA. Vt f  - 5V, N o R eflec t ing  surface
In p u t









l £ = B t 'm A
V r  = 3V >
O u tp u t




Collector Emitter Breakdown Voltage 








l CE= 100 pA 
l EC= 100  pA
V ct 10V. 1 ^  0, H < 0  1 /i w /C M 7
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gallium arsenide phosphide visible-light source
D ESIG N ED  TO EM IT V ISIB L E RED  
LIGHT WHEN FO R W A R D  B IA SE D
R e c o r  -nended to '  A pp lica tion  I -  V '- i e l  Ind" s to n , 
A lp h a  N um anc D u p la y i, and  B uiit-lr. J iag n o itic i
H igh B rightnast w ith  S o lid  S ta te  H e lia b ilitv
C o m p atib le  w ith M ost TTL and  D TL C i'cu lts
Ideal as Fau lt or T roub le  In d ica to r
F illed  E poxy Lens Provides D iffused  S ou-ce
Id ea l, fo r Socket, P rin ted  C ircu it B o erd , and  1 /16" 
Panel M ounting  T echn iques
m ech an ica l data
Thu device h «  » red molded ''. le d  en o iv  oodv
111 M, N ----
,r»d O U T  metr*. V e mN O T P S  »  ^ h l *  d f # p m * T # e  ' *
a —'«f p t »»em f**
c. A'l ^lm#ea#iem# a Im m lll'i
aoso lu te  m ax im u m  ratings
R ev * '*  Voltage st 25*C Free Air Tem perature
C ontinuous Forward Current at Itx oelowl 25*C F re . Air Tem perature I See N ote II 
Storage Temperature Range
Lead Tem perature 1/16 Inch from  Case for 5 Seconds
o p erc tm g  charac te ris tics  a t 25* C fra* air te m p e ra tu re
r a n a u » r  r r n  _________________
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FIGURE 3
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A sample of  the  e x p e r i m e n t a l  r e s u l t s  c o l l e c t e d  a r e  p r e s e n t e d  in  
t h i s  a p p e n d ix .  The r e s u l t s  were o b t a i n e d  f rom t e s t s  p e r f o r m e d  on 
two s u b j e c t s .  The f o l l o w i n g  r e s u l t s  a r e  g i v e n :
F i g u r e s  A7. 1 — A7. 4 A r t e r i a l  O c c l u s i o n .
F i g u r e s  A7.5 -  A7. 7 B r e a t h  H o ld in g  T e s t s .
F i g u r e s  A7.8 -A7.11 L o c a l  h e a t i n g  of  t h e  Hand.
F i g u r e s  A7.12 -  A 7 .16  S p e c t r a l  R e s u l t s .
F i g u r e s  A7.17 -  A 7 . 18 C o r r e l a t i o n  Between t h e  O x im e te r  ( I . R .
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APPENDIX 8 PROGRAM LISTINGS
This  a ppe nd ix  p r e s e n t s  the  p rogram  l i s t i n g s  t h a t  were u s e d  f o r  
t h e  microNova,  H. P. t e r m i n a l  and  t h e  IBM a s  d i s c u s s e d  in  a p p e n d i x  
4. The l i s t i n g s  a p p e a r  i n  t h e  f o l l o w i n g  o r d e r :
MicroNove p a g e s  214-217
H.P. T e r m i n a l  p a g e s  218-224
C e n t r a l  IBM 370 p a g e s  225-228
0 0 0  1 .MAIN 214
00002
000002
000100 RTC 1 :
0 0 0 2 0
000020
0000 0 0
00021 0000 0 0 ESTA1
0 0 0 3 0
0 000 3 0
0 000 0 0 NPTS :
00031 000 0 0 0 STIM :
0 0 0 4 0
000040
000000 NP1S1
0 0041 oooonn ST] Ml
0 0 0 4 2 000355 DPTA1
0 0 0 4 3 000000 NOINP
00044 000000 NINP1
00045 000335 ESTA :
0 0 0 6 0
000060
062677 STRT :
00061 0 2 4 0 4 1
0 0 0 6 2 044031
0 0 0 6 3 024 0 4 0
00064 044030
U0065 024042
0 0 0 6 6 04405 0
0 0 0 6 7 071177
0 0 0 7 0 000132
0 0 1 0 0
000100  
040177
00101 F t 4031
0 0 102 302000
00 103 102000
00104 C2
0 0 1 0 5 044031
0 0 1 0 6 030043
0 0107 150000
0 0110 151423 SAMPL:
00111 000115
0 0 1 1 2 014030
001 13 000132
0 0114 000135
001 15 024134 INPUT :
0 0 1 1 6 066032
10117 I d  120
U 0 1 2 0 10"100
0 0121 123100
0 0 1 2 2 125100
0 0 1 2 3 125100
00124 065032
0 0 1 2 5 063532
0 0 1 2 6 000125
0 0 1 2 7 064432
0 0 1 3 0 046020
00131 0 0 0 1  to
0 0 1 3 2 0 00 1 3 3 IDEL :
0 0 1 3 3 000132
00134 002 4 0 3  1vOMM :
00135 065277  OUT:
0 0 1 3 6 024042
0 0127  044 0 2 0  
0002 .MAIN
0 0 1 4 0  024 0 4 0
00141  044 0 3 0
.LOC 2








0 ; NUMBER OF SAMPLES
0 ?NUMBER OF CLOCK TICKS
355 ; STARTING ADDRESS IN MEMORY
0 ; NUMBER OF CHANNELS
0
335 »ADDRESS OF ESC SEQUENCE FOR EDITTING
. LOC 60
IORST i INITIALISE PROGRAM
LDA 1 ,STIM1
STA 1 , STIM
LDA 1 , NPTS1
STA l . NPTS
LDA l . DPTAl
STA 1 . DPT A
DOAS 2 , CPU
JMP IDEL : WAITE FOR INT.  FROM RT CLOCK
.LOC 100
INTEN ?RE-ENABLE RT CLOCK 
DSZ STIM
JMP GO ! NOT TIME FOR SAMPLE
ADC 0 , 0  , GET SAMPLES FROM RTF
LDA l . STI Ml
STA 1,STIM
'DA 2 , NOINP
COM 2 , 2





LDA 1 , COMM
DOB 1 , 3 2
INCZ 0 , 0
MOVL 0 , 1
MOVL 1 , 1
MCVL 1 , 1
MOVL 1 , 1
DOA 1 , 3 2
SKPBZ 32
JMP . - 1
DIA 1 , 3 2
STA 1 , GDPTA
JMP SAMPL
JMP .+1
JMP . - 1
2403
DOAC 1 , CPU tDISABLE REAL TIME CLOCK
LDA 1 , DPTA1
STA 1 , DPT A
LDA 1 , NPTS1
STA 1 , NPTS
0 0 1 4 2  004211 JSR
00143  0 2 4 0 4 3  SLOOP? LDA
SOUT
1 .NOINP ; BEGINING OF SAMPLE OUTP LOOP
U&144 U44U 44 STA 1 rNIN^l
00145 014334  CHuOP: DS2 NVAL1 2150 0 1 4 6 0 0 0 1 5 0 JMP . +2
00147 0 0 4 2 3 0 JSR ELNE. : OUTPUT END OF RECORD MARI
0 0 1 5 0 0 3 2 0 2 0 LDA 2 , ODPTA ; LOOP TO OUTP ALi CHANNEL
00151 0 5 0 3 1 3 STA 2 . 0 U T P
0 0 1 5 2 0 3 0 3 2 0 LDA 2 , D I V 1 : LOOK AI
0 0 1 5 3 050321 STA 2 , DIV2 : FIRST HEX DIGIT
0 0154 102440 SUBO 0 , 0
0 0 1 5 5 0 2 4 3 1 3 LDA I f O U T P
0 0 1 5 6 073101 0 1 V
0 0157 030314 LDA 2 , HEX7
0 0 1 6 0 133400 AND 1 , 2
00161 0 2 0 3 1 6 LDA 0 , COUNT
0 0 1 6 2 0 4 0 3 1 7 STA 0 , C 0 NI 1
0 0 1 6 3 0 0 4 2 4 0  HEX: JSR SHF X ; OUTP A HEX DIGIT
0 0 1 6 4 014 3 1 7 DSZ CONTI ; ha‘ e all d i g i t s  been outpted
0 0 1 6 5 0 0 0 1 7 5 JMP . + 10
0 0 1 6 6 0 3 0 3 2 6 LDA 2 , HHEX ; OUTP A H
00167 0042 7 2 JSR ST T 0
0 0 1 7 0 0 1 4 0 4 4 DSZ N1NP1 jhave all channels  been  outpted
00171 0 0 0 1 4 5 JMP CHLOP
0 0 1 7 2 0 1 4 0 3 0 DSZ NPTS ; HAVE ALL SAMPLES BEEN OUTPTED
0 0 1 7 3 0 0 0 1 4 3 JMP SLOOP
0 0174 0 0 0 3 0 0 JMP FINIS
0 0 1 7 5 102440 SUBO 0 , 0 ; d i v i d e  d i v
0 0 1 7 6 024321 LDA 1 , DIV2 ;BY 10H
00177 030 3 2 2 LDA 2 , HEXT
0 0 2 0 0 073101 DIV
00201 044321 STA 1 , DIV2
0 0202 102440 SUBO 0 , 0 ; GETTING HOLD
0 0 203 0 2 4 3 1 3 LDA 1 , OUTF' ;CF THE NEXT HEX DIGIT
0 0 2 0 4 0303 2 1 LDA 2 , DIV2
0 0 2 r 5 073101 DIV
0 0 2 0 6 152440 SUBO 2 ,2 ; Place res ult
00207 13J000 ADD 1 , 2 JIN AC2
0 0 2 1 0 0 0 0 1 6 3 JMP HEX
00211 0 5 4 3 3 0  SOUT: STA 3,  PC JSUBROUTINE THAT
0 0 2 1 2 0 3 0 3 3 6 LDA 2 ,  ESC JSTARTS THE OUTPUT TING
0 0 2 1 3 0 0 4 2 7 2 JSR ST T 0 JOE DATA TO TERMINAL
0 0 2 1 4 0 3 0 3 5 0 LDA 2 , HME JBY c l e a r i n g
0 0 2 1 5 00 4 2 7 2 JSR ST T 0 JTHE SCREEN
0 0 2 1 6 0 3 0 3 3 6 LDA 2 , ESC
00 217 0 0 4 2 7 2 JSR ST TO
0 0 2 2 0 030 3 5 1 LDA 2 , CLR
00221 0 0 4 2 7 2 JSR ST TO
0 0 2 2 2 0 2 4 3 4 4 LDA 1 ,E J AND ENABLING EDIT MODE
0 0 223 0 4 4 3 4 2 STA 1 , LET
0 0 224 0 0 4 2 6 0 JSR EDIT
0 0 2 2 5 0 2 4 3 3 5 LDA 1 , NVAL2 J AT START MUST LOAC 9
0 0 2 2 6 0 4 4 3 3 4 STA 1 , NVAL1 JINTO NO. OF CHAR BE ORE E
00227 0 0 2 3 3 0 JMP epc
0 0 2 3 0 0 5 4 3 3 0  ELNE: STA 3,  PC JSUBROUTINE THAT
00231 0 3 0 3 4 5 LDA 2.CR JOUPUTS AN
0 0 0 3  . MAIN
0 0232 004 2 7 2 JSR ST TO jend or
0 0 2 3 3 0 3 0 3 2 7 LDA 2 , LF JRECORD MARK
00234 0 0 4 2 7 2 JSR ST T 0
0 0 2 3 5 0 2 4 3 3 3 LDA 1 . NVAL
0 0 2 3 6 0443 3 4 STA 1 , NVAL1
0 0 2 3 7 0 0 2 3 3 0 JMP QPC
0 0 2 4 0 024331  SHEX: LDA 1 , SEVT .’ MAKE SURE ONLY
00241 133400 AND 1 ,2 J GOT 1 HEX DIGIT
216
0 0 242 0 243 2 3 LDA 1» ELEV
0 0 2 4 3 146433 suez# 2 , 1 ,SNC
00244 0 002 5 2 JMP ALPH :HEX DIGIT IS AN ALPHA
0 0 2 4 5 0243 2 4 LDA 1 , SIXTY
00 246 133000 ADD 1 , 2
00247 0543 3 0 STA 3 ,  PC
0 0 2 5 0 004272 JSR ST T 0
00251 0023 3 0 JMP @pc
0 0 2 5 2 132440 ALPH: SUBO 1 , 2
0 0 2 5 3 0 243 2 5 LDA 1 , HUND
00254 133000 ADD 1 , 2
0 0 255 0 5 4 t 3 0 STA 3 ,  PC
0 0256 004272 JSR S'TO
0 0257 002 3 3 0 JMP epc
0 0260 05435? EDIT : STA 3 , PCI : SUBROUTNE THAT
00261 024315 LDA 1 , HEX8 IPREPARES TERMINAL
0 0262 044317 : ta 1 , CONTI ; FOR EDIT MODE
0 0 2 6 3 024045 LDA 1 , E S T A
00264 044021 STA 1.ESTA1
0 0 2 6 5 032021 LDA 2 , 0 E S T A1
0 0266 004272 JSR ST TO
0 0267 014317 DSZ CONTI
0 0 270 000 2 6 5 JMP . - 3
00271 002352 JMP 0PC1
00272 063511 ST TO: SKPBZ TTO : OUTF' ROUTINE TO TERMINAL
0 0 273 000272 JMP . - 1
00274 071111 DOAS 2,  TTO
0 0 275 06351 1 SKPBZ TTO
0 0 2 7 6 000275 JMP . - 1
0 0277 001 4 0 0 JMP 0 , 3
0 0 3 0 0 004230 FINIS: JSR ELNE J TELL TERMINAL
00301 024347 LDA 1 , D
00302 04 ' 342 STA 1 , LFT
0 0 3 0 3 0042 6 0 JSR EDIT
00304 030344 LDA 2 , E iTHAT SAMPLING
0 0 3 0 5 004272 JSR ST TO ?IS FINISHED
00306 030346 1 DA 2,  N
0 0307 004272 JSR ST TO








00313 000 0 0 0 OUTP: 0 :DUMMY ADDR. FOR DATA CURRENTLY BEING
0 0 314 000007 HEX7: 7 ?USED AS MASK TO GET FIRST 3 BITS
0 0315 000010 HEX8: 10 : COUNT FOR EDIT MODE LOOP
0 0 3 1 6 000 0 0 3 COUNT: 3
00317 000000 CONTI: 0
0 0 3 2 0 000 4 0 0 DIV1 : 4 00
00321 000000 DIV 2 ’• 0
0 0 3 2 2 000020 HEXT : 20
0 0 3 2 3  
0004  .
00' Oil  
MAIN
ELEV: 1 1
00324 000 0 6 0 SIXTY: 60
0 0 3 2 5 000100 HUND: 100
0 0 3 2 6 000110 HHEX : 110
0 0 3 2 7 000012 LF: 12
0 0 3 3 0 000000 PC: 0
00331 000 0 1 7 SEVT : 17
0 0332 000001 ONE : 1
0 0 3 3 3 000022 NVAL: 22
00334 000000 NVAL1: 0
0 3 3 3 5 0 0 0 0 2 3 NVAL2: 21
0 0 3 3 6 000033 ESC: 33
OUTPUTTED
/0 0 3 3 7  0 0 0 0 5 4  COMMA: 54 217
0 0 3 4 0  0 0 0 1 4 3  C: 143
0 0 341  0 0 0 0 4 0  SP: 40
0 0 3 4 2  0 0 0 1 0 5  LET: 105
0 0 3 4 3  0 0 0 0 4 0  S P 1 : 40
0 0 344  0 0 0 1 0 5  [ :  105
0 0 3 4 5  0 0 0 0 1 5  OR: 15
0 0 3 4 6  0 0 0 1 1 6  N: 116
0 0 3 4 7  0 0 0 1 0 4  D: 104
0 0 3 5 0  0 0 0 1 5 0  HME: 150
0 0351  0 0 0 1 1 2  CLR: 112
0 0352  0 0 0 0 0 0  PCI : 0 $ USED AS SECOND LEVEL OF SUBROUTINE RETURN ADC
.END
00337 0 0 0 0 5 4 COMMA: 54
00340 0 0 0 1 4 3 C: 143
00341 0 0 0 0 4 0 SP: 40
00342 0 0 0 1 0 5 LET s 105
0 0343 0 0 0 0 4 0 S P 1 : 40
00344 0 0 0 1 0 5 E: 105
00345 0 0 0 0 1 5 CR$ 15
00346 0 0 0 1 1 6 N: 116
00347 0 0 0 1 0 4 D: 104
0 0350 0 0 0 1 5 0 HME: 150
00351 0 0 0 1 1 2 CLP: 112
00352 0 0 0 0 0 0 PCI : 0
217
; USED AS SECOND LEVEL OF SUBROUTINE RETURN ADC 
END
ID DIM S $ [ 7 9 I . S l o s d l £791 
20  DIM Ct CZOI , A v e r ( 4)
30 INTEGER Net  i cks  
40 DATA " 0 1 2 3 4 5 6 7 8 9 : ! < = > ? "
50 READ N t s h U t  1 , 1<»3 
60 Lf t = CHRt ( 10)
70 Cr$=CHRt( 13)  „ w
80 INPUT "GIVE ADDFESS OF ONE UNUSED PAGE ZERO MEMORY LOCATION
90 L = 1 
1 0 0  Ct=Cr$
110 P f l a 3 = 0  
1 2 0  GETDOM ON 
130 GOSUB 870  
1 40  CS="IDA"
150 L=3 
160  P f l s 5 = l  
170 GOSUB 870  
180  C*=TRIMt(DI)
190 L=LEN(C$)
2 0 0  GOSUB 870  
2 1 0  C$=Cr $
2 2 0  L=1
2 3 0  Pf I  a 3 =0
2 4 0  GOSUB 870
25 0  REM ON ERROR GOTO 282
2 6 0  C$=RPT$(" " , 2 0 0 )
2 7 0  0=0
2 8 0  X = GET DCM( T $)
29 0  IF X=0 THEN GOTO 340  
3 0 0  GOTO 280
310  PRINT "ERROR OCCURRED IN LAST COMMAND "
3 20  ON ERROR GOTO 310  
3 3 0  GOTO 350  
3 4 0  PRINT " "
3 5 0  LINPUT "COMMAND ? " . C*
3 6 0  Oy=-2
3 7 0  P f l s S = l
38 0  C$=TRIM$(C$)
3 9 0  Err = 1
400 IF P O S ( C t . "LOAD") ><0 THEN GOTO 480  
410  IF P O S t C t - "END") ><0 THEN GOTO 1180  
4 2 0  IF POS(C$, "SAMP")><0 THEN GOTO 1220
430  IF POStCr, "PLOT")><0 THEN CALL S p l o t ( h r r , C 3  , - 1 , Avert  ) , "DNO
4 4 0  IF POStCt , "AVER")><0 THEN CALL S a v t E r r . C T )
450  IF POStCr,"GRAP")><0 THEN CALL Gr a ph( Er r )
4 6 0  IF E r . = 0  THEN GOTO 340  
471  GOTO 810
4 80  ASSIGN "RIGHT TAPE " TO #10 
490  L=LEN(Cr)
5 0 0  S r t 1 , 1 0 3 = "FIND FILE "
51 0  S r t 1 1 , 1 3 3 = 0 3 C5,LI
5 2 0  S r t 1 4 , 2 8 3 ="  ON RIGHT TAPE"
53 0  S t £ 2 9 , 2 9 I = C H R r ( 13)
5 4 0  COMMAND S H 1 , 2 9 3  
55 0  P f l a g = 0  
5 6 0  LINPUT # 1 0 ; S l o 6 d r  
5 70  REM PRINT Sl oadS?
5 8 0  IF P O S t S l o s d r , " . END")><0 THEN GOTO 820  
590  IF S l o a d f £4 , 81=" " THEN GOTO 560
6 0 0  IF L E N t S l o a d r )<7 THEN GOTO 560  
61 0  IF S l o a d r C3 , 3 3 > < "  " THEN GOTO 560  
6 2 0  Y=0
630  FOR 1=4 TO 8
6 4 0  Y t = V A L ( S l o s d r t I , I 3 )
6 50  Y = Y + Y t * 8 i ( 8 - I )
6 6 0  NEXT I
670 IF Y = Ov +1 THEN GOTO 750  





7 30  
740  































































AfSlJO 6 70 
C4=01oad<L4i 83  
L=LEN(Ct )+1 
C i l L . L D - " /"
GOSUB 870  
C*[ 1 3 = S l o s c U  f 10 




PRINT "L 0C= " ; S l o a d t [ 4  
GOTO 560  
C i [ 1 , 1 ] =CHRi( 13)
L = t
GOSUB 670  
ASSIGN * TO #10 
GOTO 280
REM SUB PUT AND GET 
REM PRINT “OUTPUT" ; CtI 1 
GOSUB 1110  
GOSUB 980
IF POS ( S t , ) = 0 1 HEN GOTO 
PRINT ST 
GOTO 310
IF P f l a a = 0  THEN RETURN 
IF POS(ST, " ! " ) ><0 THEN PRINT 
PRINT ST!
RETURN
REM N o v a ( S T )
J= 1
ST = " "
Yy=GETDCM(TT)
IF Yy=0 THEN GOTO 1080
S f [ J ; 1 3 = T T C l , l 3
IF TT[ 1 » 1 1= LfT THEN GOTO 1010
IF TT 1 1 , 1 3 = CrT THEN GOTO 1010
J •- J + 1
GOTO 1010
J  = J - 1
IF J=0 THEN PRINT “NO RESPONSE 
RETURN
REM NovaFUt ( CT)
FOR 1=1 TO L 
T $ = C T[ 1 , 1 3  
X x  = P U T D C M ( T T )
IF X x X l  THEN GOTO 1140  
NEXT I 
RETURN 
CT=CHRT( 1 7 )
L = 1















5$ [ 1 ,
870
"TYPE IN THE NUMBER OF SAMPLES REQUIRED"
Nsamp
"TYPE IN THE SAMPLING INTERVAL"
"NUMBER OF HOURS?" , Nho ; rs  
"NUMBER OF MINUTES?", Nmin 
"NUMBER OF SECONDS?",Nsec
"TYPE IN THE NUMBER OF CHANNELS BEING USED"
N c h a r,
' WHAT FILE NUMBER DO YOU WANT TO USE ON THE RIGHT DRIVE 
F n u m t 
1 0 3 = "FIND FILE "
S t [ 1 1 , 1 3  3 =F numi




































































2 0 0 0  
2 0 1 0  
2 0 2 0  
2030
ASSIGN "RIGHT TAPE" TO #10 220
S t  i f n e  = Nhours*36QO + Nm i n*60 + Nsec  
REM CALCULATE NO. OF CLOCK TICKS PER SAMPLE 
N c t i  c k s = S t i m e / ( N s a m p * 1 . 8 E - 0 3 )
REM CALCULATE TOTAL NO. OF SAMPLES TAKEN
NLot=Nsamp*Nchan
CALL O c t a \ c ( (Nsamp) , Oct a 1)
C$="40/ "
GOSUB 1530  
C f ="41 / "
CALL O c t a \ c ( (Net  i c k s ) , O c t a l )
GOSUB 1530  
C $ = " 4 3 /  "
CALL O c t a l c ( ( N c h a n ) . O c t a l )
GOSUB 1530  
GOTO 1610
REM PUT PARAMETRS OUT TO NOVA 
L=3
GOSUB 870
Ct = V A L t ( O c t a I )
L=LEN(Ci>
Ct f L + 1 . L+1 1=C r $
L = L + 1 
GOSUB 870  
RETURN 
GETKBO ON
PRINT # 1 0 ? N s a mp ? S t  i me; N c h 3 n ;0 i 0 ? 0 ? 0 ; 0
ON KEY #83 GOTO 1690
COMMAND "ASSIGN SOURCE TO DISPLAY"
P R I N T  " "
PRINT "**START THE SAMPLING BY PUTTING TERMINAL INTO r'EMOTE**"
PRINT " * * AND HITTING KEY ' S ' **"
SLEEP








COMMAND "ASSIGN SOURCE TO LEFT TAPE"
PRINT “ADJh"?
COMMAND "COPY FILE FROM DISPLAY TO RIGHT TAPE
PRINT LI N( 3 ) , TAB<9) , " * * * * *TYPE IN A HEADING FOR THE PAST TEo , * * * * *
LINPUT S*
PRINT # 1 0 ! ST
COMMAND "MARK FILE HEADER ON RIGHT TAPE"
GOTO 340
SUB O c t a l c ( D e c i m a l , O c t a l )
O c t a 1=0
C o u n t e r = - l
C o u n t e r = C o u n t e r * l
Mu I t = I NT( De c i ma l  DIV 8)
Ove r=Dec i  maI-Mu 11 * 8
Octa l = Oc t a l + Ov e r * (  10'* Co un t e r )
Dec i rna I = Mu 11
IF Dec i m a l X O  THEN GOTO 1890
REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBEND
SUB S r e a d l ( C f , N s a , N t  i , Ncha n . Aver ( ) )
DIM St C7 9 I  , P s t n ( 7 )
REM PRIMER ROUTINE FOR READING DATA FROM TAPE 
ASSIGN "RIGHT TAPE" TO #10  
L = LEN(Ct )
S $ [ 1 , 1 0 3 = "FIND FILE "
STC1 1 . 133=CSt 5 , L3
221
Z040 SIC 1 4 , 2 8 ]  = " ON RIGHT TAPE"
2050 COMMAND S*
2060 LINPUT ttlC S3
2070 P s i n ( 0 ) =POS( S t ," ")
2080  FOR 1=1 TO 6
P s i n ( I ) = P O S ( S i t P s t n ( I - 1  ) + 2 , 7 2 3 , "  " ) + P s 1 n ( I - 1 )  + 1
NEXT I 
P s t n < 7 ) = 7 2
Nsa=VAL( Sf  1 1 , P s t n  <0 >1)
Nt i = V A L ( S $ [ p s t n ( 0 ) , P s i n ( 1 ) 3 )
N c h a n = V A L ( S $ [ P s i n ( l ) , P s t n ( 2 ) 3 )
FOR 1=2 TO 6
A v e r < ! - ? ) = VAL(S 3 r P s t n ( I ) , P s t n ( 1 + 1 ) 3 )
NEXT I 
SUBEND
SUB S e l o t t E r r , C t , C h a n , A v e r ( ) , A n s 3 , S c l e , S r t n 3 )
REM ♦♦♦♦♦♦INITIALISES PLOTTER, GETS HEADER & INITIALISES LEFT*****##*
REM * * * * ♦ # TAF'E IF NECESSARY TO COPY DATA TO * * * * * * * * * * * * * * * * * * *
DIM D a t ( 3 5 ) , 8 3 1 7 2  3 , D u m ( 4 ) , Y(4)
INTEGER I , 1 1 , 1 2 , Ent r y , M, N  
PLOTR
IF P0 S ( An s 3 [ 1 , 1 3 , " D")> <0 THEN GOSUB 2630
IF POS ( Ans3 t 1 , 1 ] , Y" ) ><0 THEN GCLP 
LOCATE ( 2 0 , 2 0 0 , 2 5 , 9 5 )
IF P 0 S ( A n s 3 [ 2', 2 3 , " V " ) = 0 THEN CALL S r e 6 d l ( C 3 , N s e  , N t i  , N c h a n , A v e r (  ) )
IF POS( Ans3C2, 2  3 , "Y")><0 THEN GOSUB 2710  
SCALE ( 0 , N t i , - 1 , 1  )
E r r =0 
FXD ( 1 , 2 )
LGRID ( N t i / 1 0 , . 2 , 0 , 0 , 2 , 1 )
FRAME
S r t  n 3 " T RIM 3 ( S r t  .i 3 )
PRINT "h J "
E n t r y =0
Nl n e s = I NT ( H s a * Nc h a n / 1 8 )
IF N l n e s - ( i  s a * Nc h a n / 1 8 ) > < 0  THEN N I n e s = N I n e s +1 
M = 0 
M = M + 1
IF M*18- I NT( M*16/ Nchan) *Nchan><0  THEN GOTO 2 4 2 0  
FOR 1=1 TO Ni n e s  STEP M 
CALL S r e a d 2 ( D a t (  ) ,N,M>
IF P 0 S ( An s 3 C2 , 2 3 , " Y" ) ><0 THEN GOSUB 2880  
FOR 11=1 TO N- l  STEP Nchan 
E n t r y - F n t r y + 1  
FOR 12=1 TO Nchan 
Y ( 1 2 - 1 ) = D a t < I 1 - 2 + I 2 )
NEXT I
Xp = ( ( I  .  • * 1 8 + I l ) # N t i / ( N s a * N c h a n )
IF POS( S r t n 3 , "AVER") ><Q THEN CALL P a v e r ( Y ( C h a n ) , A v e r ( Cha n ) , Yp)
IF P 0 S ( S r t n 3 , "MARK")><0 THEN CALL S m a r t ( Y ( C h a n ) , Y r )
IF P OS ( S r t n 3 , " DI V" ) > <0  THEN CALL S d i v ( Y( ) , Yp , Av e r ( ))
Yp =Yp * S c 1e 
PLOT ( Xp , Ye)
NEXT II  
NEXT I
IF POS ( An s3 [ 2 , 2 3 , " Y" ) X O  THEN GOTO 3040  
GOTO 3090
REM * * * * * * * * *  FIND PLOTTER DETAILS & WHETHER TO COPY TO LEFT TAPE ******  
INPUT "GRAPHICS TO BE CLEARED ? " , A n s * C l , 1 3  
INPUT "SCALE FACTOR ? " , S c l e  
INPUT "CHANNEL NO. ?", Chan
INPUT "COPY DATA 10 LEFT TAPE?" • A n s 3 [ 2 , 2 3
IF POS( A n s 3 C 2 , 2  3 , " Y" ) X  0 THEN INPUT "FILE NO. ? " , A n s 3 C 3 , 3  3 
INPUT "FUNCTION TO BE PERFORMED ?" , Sr t n3  
RETURN
REM *#****«***READ AND WRITE HEADER TO THE LEFT TAPE
2090  
2 1 0 0  
2 11 0  








2 2 0 0  
2 21 0  
















































/2 7 1 0  Ans$=TRIM$(Ans$)  . . .
2 7 2 0  L=LEN( Ans*> ^
2 7 3 0  S 4 [ 1 , 103 = "FIND FILE "
2 7 4 0  S $ [ 11 , 13]  = A n s f t 3 , L 3  
2 7 5 0  S t t 1 4 , 2 8 ] = "  ON LEFT TAPE"
2 7 6 0  COMMAND St
2 7 7 0  ASSIGN "LEFT TAPE" TO #9
2 7 8 0  FOR I i  =0 TO 4
2 7 9 0  D u r n ( I i ) = A v e r ( I i )
2 8 0 0  NEXT I i
2 8 1 0  CALL S r e s d l t C t r N s s . N t i - N c h e n , A v e r t ))
2 8 2 0  FOR I i =0 TO 4 
2 830 A v e r ( I i  ) =Dum( I i  '
2 8 4 0  NEXT I i
2 8 5 0  PRINT # 9 ; N s a ; Nt i : Nc h a n ; A v e r ( 0 )  ; A v e r ( 1 ) ; A v e r ( 2 )  ; A v e r ( 3)  ; A v e r (4 )
2 8 6 0  RETURN
2 8 7 0  REM *** * * * * * * *  WRITE DATA TO LEFT TAPE * * * * * * * * * * * ^*******
2880  FOR 15=0 TO M-l  
2 8 9 0  N1=N- I 5*18  
2 9 0 0  IF N1>18 THEN Nl =18  
2 9 1 0  FOR 14=1 TO N1
2 9 2 0  D u i $ r TRIMt( VAL1(Ds« ( 1 5 * 1 8 + 1 4 - 1 ) * 2 0 4 8 ) )
2 9 3 0  L=LEN( D a t t )
2 9 4 0  IF L=4 THEN GOTO 2970  
2 9 5 0  D a t l t C 1 , 4-L3="
2 9 6 0  D a t l t [ 5 - L , 4 ] = D s t t  
2 9 7 0  D a t 1 S [ 5 - L , 4 ] = Da t $
2 9 8 0  S t I ( 1 4 - 1 ) * 4 + l , I 4 * 4 3 = D s t l t
2 9 9 0  NEXT 14
3 0 0 0  PRINT # 9 » S t [ l f N l * 4 ]
3 0 1 0  NEXT 15 
3 0 2 0  RETURN
3 0 3 0  REM *******WRITE FILE MARKER ON LEFT TAPE * * * * * * * * * * *
3 0 4 0  ASSIGN "RIGHT TAPE" TO #10  
30 5 0  LINPUT t l O i S *
3 0 6 0  PRINT # 9 ; St
3 0 7 0  COMMAND "MARK FILE HEADER ON LEFT TAPE"
3 0 8 0  GOTO 3 1 1 G
3 0 9 0  ASSIGN "RIGHT TAPE" TO #10  
3 1 0 0  LINPUT # 1 0 ;St  
3 1 1 0  CSIZE ( 5 , . 5 )
3 1 2 0  MOVE ( 0 , 1 )
3 1 3 0  PRINT #0 5 S t ;
3 1 4 0  SUBEND
3 1 5 0  SUB Sr ea d2 ( Da t ( ) , N, M)
3 1 6 0  REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
3 1 7 0  DIM S11 7 2 3 
3 1 8 0  N=0
3 1 9 0  ASSIGN "RIGHT TAPE" TO #10  
3 2 0 0  FOR 1=0 TO M-l  
3 2 1 0  LINPUT #10 5Si  
3 2 2 0  L = LEN( TRI Mt ( S t C4 , 7 2 ] ))
3 2 3 0  IF L/ 4  = INT( L/ 4)  THEN N1 = I N T ( L / 4 ) ELSE N1 = I NT( L/ 4  ) + 1
3 2 4 0  N = N + N1
3 2 5 0  FOR 11=1 TO N1
3 2 6 0  D a t ( 1 * 1 6 + 1 1 - 1 ) =VAL( S i [ ( 1 1 - 1 ) * 4 11 , I 1 * 4 ] ) / 2 0 4 8  
3 2 7 0  NEXT II
3 2 8 0  IF N1>=18 THEN GOTO 3310
3 2 9 0  M=I
3 3 0 0  GOTO 3320
3 3 1 0  NEXT I
3 3 2 0  SUBEND
3 3 3 0  SUB S a v ( E r r , C t )
3 3 4 0  REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
3 3 5 0  DIM D a t ( 35 )  , A v e r ( 4)
3 3 6 0  INTEGER N, M




































































NO. ?" , t i n s $ [ 3 , 33
INPUT "SCAL'I FACTOR?" r S c l e  
INPUT "COPY DATA TO LEI- T TAPE?" , An s * [ 2 , 2  3 
IF POS( Ans t CZ, 2 3 , "Y")> <0 THEN INPUT "FILE
Er r = 0
CALL S r e a d l ( C t , N s a , Nt i  r N c h s n , A v e r ( ) >
FOR Chan=0 TO Nchan- 1  
A v e r ( Cha n )= 0 
NEXT Chan
N t n e s = I N T ( Ns a * N c h a n / 1 8 )
IF N l n e s - ( N s a * N c h a n / 1 8 ) > < 0  THEN N l n e s = N l n e s + l  
M-0 
M = M + 1
IF M*18- I NT( M*18/ Nchan) *Nchan><0  THEN GOTO 3490  
FOR 1=1 TO N i n e s  STEP M 
CALL S r e a d 2 ( D 3 t ( ) ,N,M)
FOR Cha n = 0 TO Nchan 
T t l e ( C h a n ) = 0
FOR 11=1 TO N STEP Nchan
IF Chan<Nchan THEN T1 1 e ( Ch a n ) =T1 1 e ( Chan) 4 D a t ( 1 1 - 1 + Ch a n >
IF Dat  ( 1 1 - 1 )  =0 THEN GOTO 3590  , „ , , - r i w n  w t i  i >
IF Chan = Nchsn THEN T t I e ( C h a r ) =T1 1 e ( Chan/ + D a t ( 1 1 ) / D a t ( 1 1- 1  .
NEXT I I
Aver ( C h a n ) = A v e r ( C h a n ) 4 T t l e ( C h a n )
NEXT Chan 
NEXT I
FOR Cha.". = 0 TO Nchan
A v e r ( C h a n ) = A v e r ( C h a n ) /Nsa
PRINT "AVERAGE= " , Aver( Chan)
NEXT Chen
CALL S r l o t (Err C $ , 1 , A v e r ( ) , A n s $ , S c l e , " A V &  )
SU6END
SUB P a v e r ( Y , A v e r , Yp )
Yp=Y-Aver  
SUBEND
SUB Smarkt Y, Yp )
REM **********  ROUTNE 
Y p = -  1
IF Y>. 4  AND Y< . 6  THEN 
SUBEND
SUB S d i v ( Y( ) . Yp , Av e r ( ) )
Yp = ( Y ( 1 ) / Y( 0 ) ) - A v e r < 4)
SUBEND
SUB Graph( Err)
REM * * * * * * * * * * * R o u t i n e  FOR 
Er r =0 
PLOTR
INPUT "CLEAR GRAPHICS?" , At. s$
IF POStAr. s i ,  "Y" > = 1 THEN GCLR 
LOCATE ( 1 5 , 2 0 0 , 1 5 , 9 5 )
INPUT "RANGE OF X-VALS?", Xmi n, Xmax 
INPUT "RANGE OF Y-VALS?", Ymi n, Ymax 
INPUT "RANGE OF THETA VALS . " , Trr, i n , Tmax 
INPUT "FUNCTION TO BE PERFORMED?", Ans $
SCALE (Xmi n, Xmax, Ymi n , Ymax)
FXD ( 1 , 2 )
PRINT "hJ" n 0
LGRID ( ( Xma x - Xm i n ) /  1 0 , ( Yma x -  Yrn i n ) /  1 0 , 0 , 0 , c , w >
FRAME
H=( Tmax- Tmi n) / 100  
Ent ry =0 
Eof  = 0
FOR Xc = Tm i n TO Tmax STEP H
E n t r y  = E n t .  y 4 1
X = Xc
IF P O S ( A n s f , "FUNC"> = 1 THEN CALL F u n c t ( X, Y )
IF P O S ( Ans i , "DATA")=1 THEN CALL S d a t a ( X, Y, E n t r y , E o f )
FOR MARKING PERT INANT EVENTS * * * * * * * * *  
Yp = 1
PLvT




4060  SUB F w n c t ( X f Y)
4090 REM * * # * * * * * * * * * * * * * R o u t i n e  TO PLOT A FUNCTION ****  
4100  Th •*X 
4110 R = l 4 l / T h  
4120 X=R*COS(Th)
4130  Y = R*SIN(Th )
4140  SUBEND
6 150 SUB S d a t a ( X , Y , E n t r y , E o f )
4160 REM * * * t * * * * * * * * * * * * R o u t i n e  TO PLOT DATA F'OOINTS •-
4170 DIM St  C 72 I
4180  ON ERROR GOTO 4310
4190 IF Ent ry  X I  THEN GOTO 4260
4200  INPUT "FILE NUMBER?" , Ans $ t 1 , 1 3
4210 St  C1 , 1 0 ]  = "FIND FILE "
4220  SSI 1 1 , 1 3D = A n s l [ 1 , 1 3
4230 S i t  1 4 , 2 8 ]  = " ON RIGHT TAPE"
4240  COMMAND SI  
4250 PRINT "hJ"
4260  ASSIGN "RIGHT TAPE" TO #10 
4270 LINPUT # 1 0 : S $
4280 X=VAL(S$I4 93)
4290  Y = V A L ( S t [ 11 , 20  I ) - . 2 * ( - . 045*X + 1)
4300 GOTO 4340  
4310  Eo f  = 1 
4320 RESUME NEXT 




i s program r eads  t h e  da t a  f i l e s  g e n e r a t e d  by + he d a t a  c a p t u r e  
s t e m and p r o c e s s e s  them f o r  us e  by t he  IBM 3 7 0 / 1 ->8 
DIMENSION I X ( 2 0 > , I Y( 2 0 )
DIMENSION X ( 2 C ) , Y<^U) , AVER( 5 ) , HEAD( 1 5 ) , SCLE(5)
INTEGER C0MM(5)■ICHAN(5) ENTRY 
INTEGER OHOS, PICK, NCALL 
PTCK=- 674642990  
CHOS=-1 0 10247966
FORMATt/3X?' DO YOU WANT AXES? (TYPE 0 = AXES; 1 -  NO AXES 2 =NOT RELEVANT) 
READ( 9 , 1 0 4 ) NOAXS
IF(NAAXS. LT, 2)WRITE( 5 , 1 0 4 )NOAXS 
FORMAT < Y)
READ( 5 , 1 0 3 ) RNUM , XMAX, AC HAN, ( A V E R ( I ) , 1 = 1 , 5 )
FORMAT<M X H O W  MANY CHANNELS DO YOU WANT TO PROCESS' ’ )
FORMAT( BY)
XM T N = 0
RE A D( 9 , 1 0 0 ) NCRAP 
FORMAT( Y)
WRITE( 5 , 1 1 1 ) RNUM, NGRAP, XMAX 
F 0 R MA T ( E 1 3 . 7 , I 3 , E 1 3 . 7 )
00 5 1 = 1 , v,GRAP 
WRITE( 6, 102)
FORMAT( / 3 X , ’ COMMAND i CHANNEL NO. AND SCALE FACTOR >





CALL INF( RNUM, XMAX, AC HAN, AVER, SCLE( I C) , ICHAN( I C ) >NGRAP, COMM <IC ) , NC ALL) 
CONTINUE
READ( 5 , 1 0 1 ) (HEAD( I > , 1 = 1 , 1 5 )
FORMAT( 15A4)
WRITE<5,1 0 1 ) (HEAD' , 1 = 1 , 1 5 )
I F ( COMM( 1 ) .EQ,PICK/STOP 
I F ( COMM( 1)  . EQ. CHOS) ST OP 
CALL SCALE(XMAX, XMIN, - 4 1 5 2 1 9 6 4 8 )
YMAX=1.
Y MIN= - 1 .
I F ( YMIN. LT. 0 . 0  > GO TO 6
YDIFF=(YMAX-YMIN)/ 4  .0
I F ( YDIFF,GE.YMIN)YMIN=0.0
CALL SCALE( YMAX, YMIN, - 3 9 8 4 4 7 4 3 2 )
FORMAT(Mx! ’ WHEN YOU RECEIVE THE PROMPT (?)  TYPE /XEQ PLOT 1 ( MDR) ’ )
STOP
IF(YMAX.GE. 0 . 0 ) G0 TO 7 
YDIFF=(YMAX-YMIN)/4. 0  
I F ( YDIFF. GE. ABS(YMAX)) YMAX=0. 0  
GO TO 7
END
SUBROUTINE SCALE(MAX,MIN,AXIS)  
DIMENSION SCAL( 1 1 )
REAL MAX,MIN 
INTEGER EXP,AXIS 
F:M A X = M A X 
RMIN=MIN 
EXP = 0




DO 3 1 = 2 , 1 1
SCAL(I )=SCAL( I- 1)+FAC
3 CONTINUE
FAC=1OOO. / < ( RMAX- RMIN) *10. 0*«( CXF*3) )
WRITE(5,100)RMAX,RMIN,FAC
100 FORMAT( 3( E13 . 7 ) )
DO 6 1 = 1 , 1 1
I F ( ABS( SCAL( I ) ) . !  E . 1 .  E-GA) GO TO 5
I F ( ABS( SCAL( I ) ) . L T . 1 0 . 0 ) WRITE( 5 , 1 0 5 ) SCAL( I )
105 FORMAT(FA . 1 )
IF(ABS(SCAL( I ) ) . GE. 1 0 . 0 . AND.SCAL( I ) . GT. ( - 1 0 0 . 0 ) ) WRITE(5 , 1 C 1 )SCAL ( I ) 
I F ( SCAL( I ) . LE. ( -IOC 0 ) ) WRITE( 5 , 1 0 6 ) SCAL( I >
106 FORMAT(F5)
GO TO 6
5 WRITE( 5 , 1 0 2 ) (BLhNK,IC=1 , 3 )
102 FORMAT(3 < A1 ) )
6 CONTINUE
101 FORMAT(F5)
IF ( EXP . EG!. 0 ) GO TO A
EXP=EXP*3
WRITE( 5 , 1 0 3 ) EXP
103 FORMAT( ' x l O ' , / I 2 )
RETURN
4 DO 7 1 = 1 , 2
7 WRITE( 5 , IDA)




SUBROUTINE I NP( ANSA, ANTI,ACHAN, AVER, SC LE, CHAN, NGRA, COMM, NCALL)
PEAL AVER( 5 ) , X ( 1 1 ) , Y ( 1 0 ) , Y 1 ( 4 ) , YMAX(5) , YMIN(5)
INTEGER DAT A( 3 6 ) , CHAN, ENTRY, NCALL 
INTEGER OFSEf DIVS,MARK,CHOS,COMM,PICK 
MARK®- 7 2 5 4 9 3 2 9 4  
CH0S=- 10102A7966  
DI VS=- 9 9 3 4 0 1 3 7 4  
PICK. = - 6 7  4 642990  
6 PL0 T=- 673982749
C NCHA i s  s dummy v a r i a b l e  used t o  d e t e r  , ne i f  MARK s h o u l d  be c a l l e d  
NCHA=0 
NS A = A N S A 




NLNES® < ANSA »ACHAN /  1 8)
ALNES=NLNES
NLAST .ANSA*ACHAN/18. -ALNES)* 1 8 . 0 0 1 - 1  
I F ( ALN - .ME.(ANSA*ACHAN/1 8 ) ) NLNES=NLNES+1 
M= 0 
1 M=M+1
I T( M* 1 8 . NF. (M*18/NCHAN)*NCHAN)G0 TO 1 
OFSET = 17 
EN T F. Y = 0
DO 2 LNES=1,NLNES,M 
N= 0
DO 3 1 = 1 , M
I F ( (LNES).NE.NLNES)GO TO 6 




6 LMTL=(1 - 1 ) * 1 8 + 1
7 LMIU=LMTL+OFSET
227
READ( 5 , 1 0 0 ) ( DATA( J ) , J=LMTL, LMTU)
100 FORMAT( 1814  >
3 N=N+18
DO 2 1 1 = 1»N tNCHAN
DO 5 1 2 = 1 -NCHAN
Y1( I 2 > = D A T A ( I 1 + I 2 - 1 )
5 Y l ( I 2 ) = Y l ( I 2 ) / 2 0 4 8 .
ALN=LNE6
X( K )=(  ( A L N - l ) * 1 8 .  + I l )*ANTI / (ANSA*ACHAN>
ENTRY=ENTRY+1
C In p r o g .  DIVS CHAN must be s e t  e q u a l  t o  t h e  number o f  c h a n s  us e d
IF(COMM.EQ.DIVS)CALL D I V ' Y l , AVER, SCLE, Y( K) CHAN+1)
IF ( COMM .EC!. PLOT ) CALL SP'l OT ( Y1 ( CHAN ) , AVER ( CHAN ) » Y ( K > . SCLE . YMAX < CHAN ) )
I F ( COMM. EG. MARK) CAlL SMARK( Y1 (CHAN) , YOLD, X( K) , NS A, ENTRY,K)
IF(COMM.EG.PICK)CALL SDAT(Y1, YOLD,CHAN,ENTRY,NSA,K,X(K))
I F ( COMM. EQ.CHOS) CALL CHOSE( Y 1 (CHAN) , AVER( CHAN) , SCLE, K- NCALL , NSA , ENTRY)
WCALL=NCALL+1 
Y0LD=Y1(CHAN)
I F ( K . E C . 1 0 ) CALL OUTP( X, Y, K)







REAL X( 1 1 ) , Y( 10 )
WRITE( 5 , 1 0 0 ) ( X ( I ) , 1 = 1 , 1 0 )
WRITE( 5 , 1 0 0 ) ( Y( I ) , 1 = 1 , 1 0 )





SUBROUTINE SPLOT( Y, AVE, YP, SCLE, YMAX)
Yp=( Y-AVEWSCLE 
RETURN 
1 WRITE( 6 , 1 0 0 )
100 FORMAT( / 3 X , ’ «*** DIVISION BY ZERO IN SPLOT * * * ’ )





SUBROUTINE SMARK( Y, YOLD,X, NSA, ENTRY,K)
INTEGER ENTRY 
Y1=Y 
Y = 0 .0
I F ( Y1 . GE. 0 . 4 . AND. Y1 . L E . 0 . 6 ) Y = 0 . 5
IF(ENlRY.EQ.NSA)GO TO 2
I F ( ENTRY. EG. 1 ) Y 0 L D = Y
IF(  ABC ( Y-YOLD) . LT. O. DGO TO 1
3 WRITE(5, 100)X
100 FORMAT(E12.6)








SUBROUTINE DIV( Y1 , AVER, SCLE, Y, CHAN)
INTEGER CHAN 
REAL Y1 <4 ) , A V E R ( 5 )
/I CALL=1





SUBROUTINE COAT( Y, YOLD, CHAN, ENTRY, NSA, K, X)
REAL Y( 4) , YMAX(2) , YMIM(2)
INTEGER ENTRY, CHAN, COUNT, COUNT2 , K 
1 Count  c o u n t s  t h e  number o f  markers  e n c o u n t e r e d
L o u n 1 2 c i u n t  s t h e  number of  dat a  p o i n t s  w r i t t e n  o u t .
Y1 =Y( CHAN)
Y( CHAN)=0
I F ( ENTRY. NE. 1 ) GO TO 1 




DO 4 1 = 1 , 2  
YMAX(I)=0 .0
4 YMIN( I ) = 1 . 0
1 I F ( Y 1 . G F . 0 . 4 . A N D . Y 1 . L E . 0 . 6 ) Y ( C H A N ) = 0 . 5  
I F( ABS( Y(  CHAN) - YOLD) . L T. O. DGO TO 2
C GO TO 2
C ENCOUNTERED A MARKER.
COUNT=COUNT+1.
2 IF( C0UNT. NE. 1) G0 TO 3 
WRITE( 5 , 1 0 0 ) X , Y( 1 ) , Y(2)
100 FORMAT( 3 Y)
DO 5 1 = 1 , 2
I F ( Y ( I ) . GT. Y K A X( I ) ) YMAX<I) = Y( I )
5 I F ( Y ( I ) . L T . Y M I N ( I ) ) Y M I N ( I ) = Y ( I )
COUNT2 = COUNT2+1.
3 I F ( ENTRY. EQ.NSA) WRITE( 5 , 1 0 1 ) COUNT 2 , ( YMAX( I ) , YMI N( I ) , 1 = 1 , 2 )
IF(ENTRY. EQ. NSA)WRITE(6, 1 0 2 )C0UNT2







SUBROUT INE CHOSE( Y, AVER, SCALE, K, NC ALL, NSA,ENTRY)
REAL Y, AVER,SCALE 
INTEGER K, NCALL, NSA, ENTRY 
K = 1
I F ( NCALL.GT. 1 )G0 TO 1 
WRITE( 6 , 1 0 0 ) NSA
100 FORMAT( / 3 X , ’ NUMBER OF DATA POI NTS"' , 1 5 , / 3X, ' ENTER THE NO. OF POINTS TO BE) 
RE AD ( 9 , 10DNFFT
101 FORMAT(Y)
C WRITE(5,102)NFFT
102 FORMAT( 1 5 )
SUM -=0 . 0
1 I F ( NCALL. LT. NFFT) RETURN
SUM=SHM+Y
I F ( NCALL. EQ. NSA) WRITE( 6 , 2 0 ) SUM 
20 F0RMAT( / 3X, ' SUM=' , Y)
IF(ENTRY.LE.NSA)WRITE( 5 , 1 0 3 ) Y
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